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The mechanism or a thermal amino group trans "fer -£ragmen ta tion 
reaction yielding carboxyamides "from mixed phosphoric-
carboxylic anhydrides (RO(R1R2N)P(O)OC(O)R3; R = Rl = alkyl; 
R2 = H, alkyl, aryl; R3 = alkyl, aryl) was elucidated 
"from structure reactivity studies using a model system, R = 
R 1 = R 2 = Me, R 3 = Ph. Kinetic data was obtained 
using 1H nmr spectroscopy; MNDO molecular orbital and 
molecular mechanics calculations, and the crystal structure 
or N-methyl-2-benzoyloxy-2-oxo-1, 3, 2-oxazaphosphorinane (Pna21; 
a = 22.229(6)l, b = 7.597(2)l, c = 7.210(2)~; v = 1217.6(6)X3. 
Final R = 3. 08% "for 1037 re-flections with I (rel )> 2ol (rel) 
and 15 7 parameters) were userul in providing additional in "formation 
about the reaction mechanism . 
Transrer was speciric to amino groups, and occurred 
intramolecularly via an isopolar "four-centre transition 
state. First order rate constants k 1 measured at 
temperatures between 1soc and 700C, were or the order 
or 1o-6s -1, except ror the cyclic system, which 
more slowly. 
reacted 50 times Only small variations (~1 times) in 
rate were observed when dirrerent solvents, carbonyl group 
substituents (R3 = p-Me0-C6H1; p-Cl-C6H1; p-N02-C6H1) 
or nitrogen substituents (R2 = p-MeO-C6H1; p-Cl-C6H1; 
p-CF3-C6H1) were involved; a reaction constant p = +0. 85 
(r = 0.981) was obtained "for the "final case. 
Mixed anhydrides derived "from phosphorodiamida tes reacted up 
to 12 times raster. 
(ii) 
Activation parameters :for reaction in acetone indicated 
speci:fic acid-base interactions between solvent and monomeric 
methylmetaphosphate (the other reaction product) in the 
transition state; this species was identi:fied by trapping 
with N -methylaniline. There was also evidence o:f Lewis acid 
catalysis by PhCOCl and I2. MO calculations indicated an 
11 kcalmol -1 di:f:ference in activation energy :for nitrogen 
or oxygen trans :fer, as well as orbital interactions :favouring 
carboxyamide :formation. Reaction in the presence o:f 
(CF 3CO) 20 indica ted competitive disproportiona tion 
with substrate to give a new mixed anhydride; this system and 
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The i:undamental chemical processes oi: life are the complex 
reaction sequences termed "metabolic pathways": B-
oxidation of fatty acids; the "energy-producing" oxidative 
phosphorylation process, the Citric Acid Cycle which produces 
carbon dioxide, the glycolysis and fermentation pathways 
which break down carbohydrates I as well as various 
biosynthetic pathways leading to the formation of amino acids 
and proteins, fats, n ucleotides and the other building blocks 
of living systems. Playing a key role in all these processes 
are adenosine triphosphate (ATP;t.) and the phosphorylation 




0 0 9 
II II II _ 
C H 2 -o-P <1......0-p B-o-P Y-0 
I I I I 
6- o- o-
A 
Together they result in activation of metabolic 
intermediates , and enable further anabolic or catabolic 
reactions to occur. This is possible because of the large 
free energy release upon cleavage oi: ATP, which makes at tack 
by a n ucleophile at the a 1 B or y phosphorus a tom 
favourable and so allows ready transfer of a phosphate group 
(2) 
to that nucleophilic centre. ATP, and many other 
phosphorylated compounds are said to have a "high group 
trans :fer potential". Important phosphorylated intermediates 
are molecules such as glucose-6-phosphate on,. phosphoenol-
pyruvate (g), acetylphosphate (:!;)),carbamoyl phosphate(£;:), 
creatine phosphate Cf) and the 2-deoxyribonucleotide 
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The phosphorylation reaction belongs to the general class o:f 
acylation reactions (Equation I); the acylating agent w-x-z 
(3) 
comprises two B:CYl groups derived :from carboxylic, phosphoric, 
phosphonic, sulphonic, etc. acids, linked by oxygen, nitrogen 
or sulphur atoms to :form the corresponding anhydride, imide 
or thioanhydride derivatives. 
W-X-Z + NH ----~W-N + Z-X-H (I) 
W ,Z = acyl groups N = nucleophile 
e.g. RC(O)~ (R0)2P(O)-
X = 0; S; NR 
Phosphorylating agents can be described more speci:fically by 
the following structure 2: 
R1 ,R2 = aryl, alkyl, alkoxy, aryloxy, amino groups; 
A-B-C = good leaving group 
Their high group trans:fer potential (and that o:f acylating 
agents in general) arises :from un:favourable electronic 
e:f:fects: the bridging a tom c is subject to opposing 
electron withdrawing e:f:fects and dipole -dipole interactions 
:from the R1R2P(O)- and AB- moietes, which weaken the 
P-C and C-B bonds and increase the energy o:f the molecule. 
Reaction with nucleophile resU:l ts in products o:f lower 
energy, without these un:favourable interactions. 
The large group trans :fer potential o:f the phosphoryl group 
also makes phosphorylation a potentially lethal reaction: 
(1) 
many pyrophosphate esters, phosphorofl uorida tes, 
phosphoramidates and phosphorothionates are extremely toxic, 
since they phosphorylate acetyl cholinesterase and prevent 
this enzyme from catalysing the hydrolysis of acetyl choline, 
a neurotransmitter; this results in the nerves being in a 
continual state o:E stimulation 3 • "i. Compounds of this 
type have been developed as nerve gases and insecticides, and 









Toxicity is usually removed upon hydrolysis, and thio-
derivatives are often less toxic to mammals than the oxy-
(5) 
analogues, but still maintain effective insecticidal 
activity. Design of viable insecticides involves finding a 
balance between rapid activation and action in insects, and 
rapid hydrolysis and low toxicity in mammals. 
The importance of phosphorylation and phosphorylating agents 
as a means both of maintaining life systems and of 
con trolling insect lifetimes for agricultural purposes, has 
thus. stimulated the study of organophosphorus compounds. 
Recent work in our laboratory has included the study of 
various phosphoric-carboxylic imide5, phosphoramidate6 
and carboxyamide 7 systems, with a view to establishing 
the chemical and structural characters of these compounds, 
whilst other workers have made similar studies on acyl phosphates 
and phosphoroguanidines 8. 
Acyl phosphates have been studied with respect to their 
hydrolysis 9-11, reaction with nucleophiles12, and 
the effect of steric bulk and polar groups 13. The mono-
and dianions undergo hydrolysis with P-O bond cleavage and 
metaphosphate ion formation, but under strongly acidic or 
basic conditions water at tacks at the carbonyl centre, and 
there is c-o bond cleavage. This diversity in reactivity is 
also reflected in the reaction of acyl phosphates with amines : 
primary and unhindered amines attack at the carbonyl centre, 
whilst tertiary amines and pyridines at tack at the phosphoryl 
centre - and has been applied in the design 1 "l of 
carboxylic acid activating agents such as tiCi-vii) :for the 
synthesis o:f amides15, · anhydrides16, esters17 and 































These reactions all proceed as shown in Equation II, with 
formation of an intermediate mixed anhydride species 1_. 
H + RCOOH Z 0 + HX 
""-./ 
p 





Unsymmetrical anhydrides 1. are known to undergo a thermal 
disproportiona tion to yield a pair of symmetrical 
anhydrides 19 • 22. 23, but no mechanistic details are 
available. Petrov and Neimysheva employed this thermal 
lability of acyl phosphates in the preparation of symmetrical 
pyrophosphates2"i (Equation III): 
( 7) . 
but round that diamidopyrophosphates and pyrophosphinates 
could not be prepared in the same way. In these instances, 
there was "further "functional group transrer in either the 
. 
mixed anhydride intermediate or the pyrophosphinate 
(Equations IV and v). 
MeC ( 0 ) NMe 2 + Me 2NPO 2 
MeO"' ~0 0'\_ /OMe 
P P ---~ (Me0)2P(O)Me + MeP02 
/""' / " Me "'-o Me 
The reaction indicated in Equation IV has subsequently been 
used to prepare a variety or tertiary carboxyamides25, 
the nitrogen moeity being supplied by N ,N- dialkyl 
phosphoramidic dichlorides (Equation VI) . 
--~)I R1CONR 2 






A conproportiona tion reaction (essentially reverse 
disproportiona tion) has been observed 26, and results in 
mixed anhydride formation from two symmetrical anhydride 
systems (Equation VII). 
0 0 0 0 0 0 
II II ~ u II II 
RC-0-CR + X 2P--o--PX 2 ---~ 2RG--O-PX2 
R = aryl ,alkyl X = Cl,F 
Distillation of the product does not yield disproportionation 
products (i.e. substrates), but rather acyl halides 
RC(O)X. (cf. ~quation VI). 
Acyl phosphates are t-hus versatile intermediates, and in 
addition to nucleophilic displacements, undergo a variety of 
thermal fragmentation and rearrangement reactions . 
Whilst attempting the synthesis of mixed phosphoric-
carboxylic imides (~) by N-acylation of phosphoramidates 
(Equation VIII), it was observed that carboxylic amides, 
imides and esters (R 2coNHR 1, (R 2co) 2NR 1, 
R2co 2R) were also formed, and. that there was 
significant de-ethylation during the course of reaction 5. 
R = MeO, EtO 
R1 = Me 
base 





In order to investigate the possible role o:f the imide 
monoanion (resulting :from de -ethyla tion) in the P -N bond 
cleavage process leading to amide :formation , model compounds 
~ were synthesised, and reacted under neutral conditions with 
benzoyl chloride (Equation IX). 
MeCN • 
PhCOCl -----? PhCONRR 1 (IX) 
re:flux 
K L 
R = Me 
R1 =Me, C(O)Me 
Quantitative conversion o:f ~ to the carboxyamide L was 
observed, but no carboxylic ester :formation i.e. there 
was selective trans:fer o:f amino substituents :from the 
phosphoryl to carbonyl centre. Thermal rearrangements 
involving amide systems are well documented in the 
literature: carboxyamides have been cohverted to amidines in 
a reaction involving :formation o:f a phosphorylated imide 
intermediate and subsequent trans:fer o:f a substituent :from 







whilst the rearrangements o:f carboxylic28, phosphoric29 
and sulphonic30 imides to the isomeric (i:f Rl = R3) 
(10) 
amides require the presence o:f electrophilic reagents such as 
alkyl halides (Equations XI - XIII): 
oRl fo / 







and di:f:fer :from the reactions indicated in Equations IX and 
X, in that they involve no :fragmenting diacyl system, or 
direct attack at the acyl centre. 
In view o:f the abovementioned diversity and interest in the 
chemistry o:f mixed diacyl systems, and in particular systems 
involving phosphoric and carboxylic acid derivatives, a more 
detailed study o:f the reaction between phosphoramidic acid 
monoester monoanions and acid chlorides (Equation IX) , was 
(11) 
planned. The aim was to establish, by means o:f structure-
reactivity studies and chemical kinetics, a mechanism :for the 
observed phosphoryl to carbonyl trans:fer o:f :functional 
groups, and also to con :firm and account :for the appareh t 




PHOSPHORYL TO CARBONYL MIGRATION OF AMINO GROUPS 
(12) 
PHOSPHORYL TO CARBONYL MIGRATION OF AMINO GROUPs31 
2.1 In traduction 
The mechanism of a reaction is a detailed description of all 
the bond -making and breaking events involved in formation of 
the "final products. Implicit in this de:fini tion is the 
realisation that all the steps must be chemically acceptable, 
and all intermediates realistic. Arriving at a sa tis :factory 
mechanism involves having undertaken a systematic 
investigation. o"f the :reaction in question, with the 
underlying philosophy being that the "final hypothesis must 
:fit the known :facts. Once the mechanism is known, it 
becomes possible "for the chemist to use this knowledge to 
explain other analogous processes, or to alter and modify the 
reaction, perhaps to obtain greater yields or make new 
compounds. 
Thus, elucidation of· a mechanism involves determining as :far 
as possible the nature of the various intermediates, and 
accounting :for their in tercon version in terms of their 
structural, steric, electronic and energetic requirements. 
Chemical kinetics play a :fundamental role in clarifying 
reaction mechanisms, and to this end, the influence of 
solvents, heat, structural variations and acid or base on the 
course of reaction can provide useful in:formation32, 33 
(13) 
2.2 Preliminary studies 
2.2.1 Generality and speci:fici ty o:f trans :fer 
The evidence :for nitrogen group trans :fer :from phosphoryl to 
carbonyl centre obtained in our laboratory was based on 
reactions involving a limited number o:f substrates, 
particularly with respect to the nature o:f substituents at 
nitrogen5. Furthermore, :for reaction between 
phosphoramidic acid salts and acid chlorides there was no 
evidence o:f ester group trans:fer to give carboxylic esters: 
this was surprising since, i:f there was collapse o:f the 
monoanion, as the weaker base and thus better leaving group, 
---...... 
departure o:f alkoxy group :from phosphorus would be expected 
to be more :favourable. Ester (RO) groups are known to 
migrate in phosphate systems; tetramethyl- and 
tetraethylpyrophosphates decompose on heating to the 
corresponding trialkyl phosphate and alkylmetaphosphate31, 
and methyl methylpyrophosphina te yields dimethyl 
methylphosphina te on distillation 21. 
It was decided to establish :firstly whether or not_ trans:fer 
o:f :functional groups in the phosphoramidic acid salt - acid 
chloride system was speci:fic to nitrogen moi;eties, and 
secondly, the dependence o:f the trans:fer process on the 
nature o:f substituents at nitrogen: the reaction is 
essentially a nucleophilic substitution at carbonyl centre, 
and :factors which a:f:fect the nucleophilicity o:f the 
trans:ferring group or the electrophilicity o:f the carbonyl 
centre can be expected to alter the rate, and even the 
speci :fici t y o:f the reaction. 
A series o:f salts (~a-d) was ~repared according to the 
reactions outlined in Scheme 1 . 
i) 3 MeOH 
ii) S02Cl2 
-------------------7 (Me0) 2P(O)Cl 
benzene; 1 ooc excess Me3N 











R = R1 = Me 
R = Et; Rf = H 
Scheme 1 
R = i -PR; R 1 = H 
R = t-Bu; R1 = H 
Synthesis o:f the intermediate dimethyl N ,N-dialkyl 
phosphoramidates 1 where both alkyl groups were larger than 
methyl proved di:f:ficul t, presumably due to the increased 
steric bulk at nitrogen and reduction in nucleophilicity o:f 
the corresponding amine. Thus, syntheses o:f N ,N-
diisopropylphosphoramidate 1e by various methods were all 
unsuccess:ful (Scheme 2). 
(Me0) 2P(O)Cl t I b: excess NH (i-Pr) 2 




P(O)Cl3 (i-Pr) 2NP (0 )Cl2 
Scheme 2 
(15) 
Methods a 6b and b35 gave complex product mixtures 
arising from competing demethyla tion or incomplete reaction, 
whilst the aqueous wash required during work-up in method 
c36 resulted in P-N bond cleavage; .other purification 
methods proved unsatisfactory. Synthesis of tertiary 
phosphoramidate substrates 1 was thus abandoned in favour of 
the secondary substrates. 
Salts ~ were suspended in acetonitrile and an equimolar amount . 
of acetyl chloride added. After "'ih reflux, solids were 
re:n.-:;~ved by vacuum filtration and solvent evaporated. The 
residues were examined by 1H nmr spectroscopy. Reaction 
with ~a was repeated using benzoyl chloride. In all cases, 
all signals from substrates were absent in the final 
spectrum; the only identifiable compounds37, 38 were the 
carboxyamides j arising from nitrogen group transfer (Scheme 3). 
reflux 
~· + R 2cocl -----~ R 2coNRR 1 
MeCN; "'ih 
} a, R2 = Ph 
b, R2 = Me 











Rl = Me; R2 = Ph 
Et; Rl = H; R2 = Me 
i-Pr; Rl = H; R2 = Me 
t-Bu; Rl = H; R2 = Me 
Rl = R2 = Me 
No carboxylic esters were observed: methyl acetate (bp 
57°C) would have been removed with solvent, but methyl 
benzoate (bp 2oooc) would have been identified by lH nmr 
spectroscopy . 
(16) 
On the basis o:E the above reactions , it is concluded that 
trans:Eer o:E "functional groups :Erom phosphoryl to carbonyl 
centre is speci :Eic to nitrogen -containing moieties; although 
the range o:E structural variations considered is small, the 
reaction appears to be general with respect to the nature o:E 
substituents at nitrogen and at the carbonyl centre . 
• 
2. 2. 2 Isolation o:E benzoyl methyl N, N -dimethylphosphoramida te 
Several di:E:Eerent pathways can be envisaged to account :Eor 
the trans:Eer o:E nitrogen substituents (Scheme~): 
a) charge-assisted nucleophilic substitution of' acid 
chloride with tetrahedral transition state :Eorma tion (.?) 5; 
b) nucleophilic substitution o:E acid chloride by 
phosphoramidate monoanion, yielding a mixed phosphoric-
carboxylic anhydride §, with subsequent trans:Eer o:E the 
nitrogen group in an intermolecular :Eashion; 
c) mixed anhydride :Eorma tion :Eollowed by intramolecular 
trans:Eer. 
AnOther pathway (d), involving initial unimolecular P-N bond 
cleavage :Eollowed by attack at carbonyl centre appears 
unlikely, since when heated in the absence o:E acid chloride, 
there was no detectable P-N bond cleavage in 2a5. 
-o o ""/ /p"' 
MeO NRR1 
~~ 
:t: oo- o 
~/ ~p 












The observation by Petrov and Niemysheva that phosphoramidate 
systems yielded only carboxyamides under conditions which 
resulted in the isolation of. tetraalkylpyrophosphates from 
dialkyl phosphates (via initial formation of dialkyl 
phosphoric-carboxylic anhydrides) led·:: us to believe that a 
mixed phosphoric-carboxylic anhydride system might be the 
intermediate in the nitrogen transfer process. Further 
investigations were thus aimed at demonstrating whether or 
not this was the case. 
Substrates ?-a and ~a were chosen as models : these compounds 
were readily available and gave uncomplicated 1H nmr spectra. 
Also , the transfer product PhCONMe 2 , ja , could be easily 
identified in the lH nmr by its characteristic broad singlet 
(18) 
in the N-methyl region, and an aromatic singlet. This pattern 
of signals arises because of the nature of the C -N bond in 
carboxyamides: the nitrogen lone pair is delocalised throughout 
the C(O)N bond system (Scheme 5), resulting in a planar 



















The environments of the N-substituents are thus not 
equivalent, and at low temperatures 2 distinct signals 
arise39, but coalesce at higher temperatures to give 
·broad signals. Because of unfavourable steric interactions 
with the N-methyl substituents, the phenyl group in ja is 
twisted out of the plane of the amide bond; the ring protons 
are then no longer influenced by the carbonyl group 
resonance effect, and become approximately equivalent. 
When 2a was added to a suspension of ?-a in acetonitrile at 
room temperature there was immediate evidence of some 
reaction occuring, as the solids changed from crystalline and 
semi-translucent in nature to a fine, white suspension. 
There was no further change in appearance during the course 
of reaction. After 3h stirring solids and solvent were 
· removed, to yield an oil which 1H nmr and microanalysis 
confirmed was the mixed anhydride benzoyl methyl N, N-
(19) 
dimet~h ylphosphoramida te 6a . 
6a 
This anhydride· is formed by simple nucleophilic substitution 
of chloride ion by the phosphoramidate anion (Equation 1), a 
process analogous to that employed by the Russian workers 
(Equation 2) 24. 
MeO(Me2N)P02- + PhCOCl------------~MeO(Me2N)P0 2 -C(O)Ph + Cl- (1) 
(R0) 2P(O)Cl + R1co 2 - (R0) 2Po 2C(O)Rl + Cl- (2) 
Chloride ion is precipitated as tetramethylammoni urn chloride; 
it is tl~e formation of this salt that was seen after 
initiation o'f the reaction. Mixed anhydride 'formation is 
obviously very rapid. 
When le'ft standing at room temperature or heated in aprotic 
solvent §a slowly decomposed to ja and some polymeric 
phosphorus -containing species . The progress o'f fragmentation 
could be 'followed using lH nmr spectroscopy: as the intensity 
o'f the P co )OMe and P (0 )NMe 2 doublets diminished, and 
eventually disappeared, the C CO )NMe 2 singlet appeared and 
grew. The signals in the N -methyl region were clearly 
distinguishable,- and accurate integrals could be obtained 
(Figure 1). 
(20) 





At this stage we concluded that the mixed anhydride §a is 
the intermediate in the thermal phosphoryl to carbonyl 
centre transfer of amino substituents in the model system, 
and, by inference, that similar species _§b-e are 
intermediates in the other systems investigated (Scheme 6). 
MeCN 
2 + 3 
room temp 
-
6 a, R = R1 = Me; R2 = Ph 
b, R = Et; R1 = H, R2 = Me 
c, R = i-Pr; R1 = H; R2 = Me 
d, R = t-Bu; R1 = H; R2 = Me 
e, R = R1 = R2 = Me 
Scheme 6 
2 . 3 Kinetic studies 
Having established tha.t the first step in the reaction. 
between phosphoramidic acid salts and acid chlorides, leading 
to carboxyamide formation, was reaction giving a mixed 
phosphoric-carboxylic anhydride as intermediate, it still 
remained to show how the functional group transfer occurred in 
this molecule. The anhydride was easily synthesised, and 
some preliminary investigations indicated that the rate of 
transfer in solution was slow enough (t 1/ 2 > 200h; CDC1 3; 
25°C) to enable kinetic measurements to be taken. This, 
coupled With the fact that anhydride §a and product ja could 
be distinguished in the 1H nmr spectrum resulted in our 
choosing this technique as the primary tool for our kinetic 
study. The amount of carboxyamide present at any time could 
(22) 
be calculated :from the :following equation . 
100 A 
X = ----- (3) 
A + B 
where 
X =amount o:E ja, as percentage 
A= increment,per proton :for ja (measured :from C(O)NMe 2 
signal , 6 3. 0) . 
B = increment per proton :for 6a (measured :from P(O)NMe 2 
signal , doublet , 6 2. 8) . 
2.3.1 Reaction order 
The general :features o:E a mechanism can o:Eten be determined 
:from the rate law governing the reaction i . e . the manner in 
which reaction rate depends on concentration o:E reactants and 
products . In Scheme 4 it is proposed that where the 
intermediate 6 is involved, amino group trans:Eer can be 
either uni- or bimolecular; Since reaction occurs in the 
absence o:E any other chemical species, except solvent , the 
reaction might be expected to obey either :first or second 
order kinetics (Equations 4 and 5) 40. 










a 0 = initial concentration o:f substrate 
x = concentration o:f substrate or product at time t. 
Solutions o:f .§a o:f known concentration in two di:f:ferent 
solvents were sealed in nmr tubes and incubated at 68°C. 
The extent o:f reaction was periodically monitored, and the 
amounts o:f 1a present at times t used in both :first and 
second order rate laws (Equations 1b and 5b) to calculate the 
corresponding rate constants k 1 and· k 2 . The results 
are summarised in Table 1. 
On the basis o:f the standard deviation :for the averaged 
k1 and k2 values :for each solvent it was concluded 
that the trans :fer process :follows :first order kinetics, and 
there:fore has a :first order dependence on the concentration 
o:f 6a. The mean o:f the deviations in the k 1 values 
obtained :for both solvents is 5 .1%, whilst the same value :for 
the k2 values is 11.1%, indicating much better :fit o:f 
data to the :first order rate law . 
. Using Ostwalds' method 11 it is possible to calculate the 
reaction order n :from an experiment o:f this type (Equation 6): 
(21) 
Table 1: E:ffect o:f concentration on rate o:f :formation of "''a 




















0.99"'1 2."'13 0.993 
0.992 1.18 0.990 
1 . 805 .!.0. 88 
0.99"'1 1.86 0.988 
0.988 1.04 0.986 




n = 1 + -------------------- (6) 
where 
and 2, in which initial substrate concentrations are 
(a0 ) 1 and (a0 ) 2 respectively, and which can 
be calculated for first and second order reactions from the 
equations 
ln 2 
first order: t C 1/ 2) 1 = ( 7a) 
1 
( 7b) 
Results are shown in Table 2, and confirm that reaction is 
first order, giving an average value of 1.04±0.17 for n 
from the two values calculated using k 1 values. The fact 
that, having used the k 2 values to calculate the second 
order t 1/2 terms , a value of n = 2 was not obtained again 
indicates that the rate data obtained fit Equation 4 better 
than Equation 5 . 
2. 3. 2 Identification of products 
Although we were satis:fied from comparison with literature 
values that the product seen in the 1H nmr spectrum was ja, 
it was decided to confirm 'this by comparison with an 
au then tic sample . 
(26) 
Table 2: Calculated reaction order for formation of "'ia. 
================================================================= 












average n = 1.0"1 ± 0.17 
second order 










ja was synthesised :from NMe 2H .HCl and 3a by the Schotten-
Baumann method "'i2. White crystals (mp "'iO - "'i2oc) were 
obtained, and gave an nmr spectrum identical to that obtained 
:from reaction mixtures. "'ia was also isolated from a sample 
of §a heated in acetonitrile, initially as an oil which 
crystallised in petroleum ether solution (mp "'il - "'i3oc). 
Microanalysis con:firmed the crystals as ja. 
As nitrogen group trans:fer has a :first order dependence on 
the concentration o:f the mixed anhydride intermediate, which 
contains both reacting centres , the r:eaction is also 
unimolecular, since molecularity is de:fined by the number o:f 
reactant molecules which come together to :form a complex which 
directly gives rise to the products "'iO. In other words, 
nitrogen group trans:fer takes place intramolecularly (with 
respect to the intermediate) . The other product is then 
monomeric methylmetaphosphate 7 (Equation 8). 
0 
# 





Species o:f this type, in their ionic and esteri:fied :forms, 
have been postulated as intermediates in a number o:f 
reactions, including the hydrolysis o:f phosphoric acid 
monoesters "'i3, the :fragmentation o:f B-halophosphonates 
(the Conant-Swan :fragmentation)"'i"'i and (2-arylethyl)-
phosphorochloridates "'iS, and the photolysis o:f "'i-
nitrobenzyl-phosphoric acid "16. Metaphosphate ion has 
been proposed as an intermediate in biological 
phosphorylations "17 and nitrogen analogues have been 
implied as intermediates in th~ hydrolysis o:E 
phosphorodiamidochloridates "18 and in the photolysis o:E 
diaryl and dialkyl phosphinic azides "19. 
(28) 
It has been di:E:Eicul t to prove the intermediacy o:E species 
such as 1 however, because o:E their very high electrophilic 
reactivity: there is either rapid reaction with available 
nucleophiles (e.g. nucleophilic sol vent) or sel:E-
polymerisation. This reactivity has been related to the 
presence o:E low energy unoccupied molecular orbitals which 
give rise to acceptor orbitals localised at phosphorus 50. 
However, indirect proo:E o:E the existence o:E metaphospha te. 
species has been obtained :from a number o:E trapping 
experiments, in which their reactivity towards nucleophiles 
is put to good use . 
Monomeric methylmetaphospha te J genera ted in the gas phase 
by pyrolysis o:E methyl 2-butenyl-phostonate § was trapped in 
N -methylaniline as ~a, the N -methylanilini urn salt o:E methyl 






7 + PhNHMe p 
/""-. 
Ph MeN 0 -+NH 2MePh (9b) 
9a 
Under similar conditions, N ,N-diethylaniline trapped 1, but 
as methyl "t-(N ,N-diethylamino) -phenylphosphonic acid lOa, 
the· product of electrophilic substitution by 1 on the aromatic 
ring 52. 
lOa 
Similar results were obtained when 7 was genera ted in 
solution from 1-phenyl-1,2-dibromopropylphosphonates 11 
(Equation 10) 53a. 
PhCBrCHBrCH3 
I 
7 + Br- + PhCBr= CHCH 3 
MeOPo 2 -
lOa 
In addition, when the above reaction was carried out in the 
presence of acetophenone 1 was trapped as an enol phosphate 










In view o'f the success o'f these experiments in indicating the 
intermediacy o'f metaphosphate mo.':-:;)ties, it was decided to 
adopt the same approach to con'firming the 'formation o'f 1 as 
an initial product o'f the phosphoryl to carbonyl centre 
nitrogen group trans'fer reaction. 
Initially, N ,N-diethylaniline was the 'favoured. trapping agent 
since, unlike N-methylaniline, no alternative reactions with 
§a were possible, nucleophilic addition at phosphoryl or 
carbonyl centre requiring un'favourable qua·. vternisation o'f 
nitrogen (Scheme 7). 
A sample o'f §a was dissolved in CD 3cN, and an. equimolar 
amount o'f PhNEt 2 added; the solution was sealed in an nmr 
tube and heated at 6soc with periodic monitoring o'f the 
progress o'f reaction. A'fter 6~h the only change in the 
spectrum was the appearance o'f signals 'from ja, with the 
accompanying reduction in those 'from §a; there was no 
evidence 'for lOa. A similar result was obtained when 
PhNMe 2 was used. Heating o'f §a in the presence o'f 
PhNHMe, however, gave positive trapping results. Figure 2 
shows the lH nmr spectrum obtained a'fter heating together, at 
· SOOC 'for 60h, §a and 2 equi val en ts o'f PhNHMe in 
CD3CN. Formation o'f 9a is clearly indicated; in 
(31) 
Figure 2: lH nmr spectrum o:E ~a and ja, :formed by fragmentation o:E 
§a in presence of PhNHMe. ( 60h; sooc; CDC1 3; after evaporation 






6 8 7 4 3 2 
(32) 
addition, "fa is also present, proving the simultaneous 
"formation o£ monomeric methyl metaphosphate and carboxyamide 
by "functional group transfer and £ragmen ta tion o£ mixed 
phosphoric-carboxylic anhydrides. There was no evidence.,. at 
any stage during the reaction "for species such as 13, 11 or 
15, "formed by chemical reaction between substrate and 












Me 2N O- C (0 )Ph 
§a tran7 
+ PhNRR1 
7 + "fa at tack at c Co ) 
9 
R = Me; R1 = 
trapping 
R = Me; R 1 = H 







2.3.3 Solvent errects 
Formation or carboxyamide J rrom mixed anhydrides § by 
intramolecular nitrogen group transrer rollowed by 
rragmentation requires £ormation or an activated complex or 
transition state which directly gives products. Three 
transition state structures can be envisaged (Figure. 3). 
Figure 3a depicts an isopolar transition state , in which bond 
es 
making and bond breaking processA occur in a synchronous 
manner, and the charge distribution diirers very little rrom 
that in the reactant, whilst Figures 3b and c indicate 
dipolar cases , where there is considerable alteration in 
ch:arge distribution compared to reactant5-'l. Formation 
or the transition state requires energy, the rree energy or 
activation, which according to Transition State Theory 55 






kR = reaction rate constant. 
( 12a) 
R = gas constant; T = absolute temperature; N = Avagadro's 
number; h = Planck's constant. 
AG:f = rree energy or activation. 
Thus, £actors arrecting the magnitude or AGf will also 
alter the rate constant kR: ror reactions occuring in 
solution, more erricient solvation or the transition state 
than or reactants will lead to an overall reduction in rree 
(34) 







energy o:f activation, and an increase in reaction rate, 
whilst the converse will be true i:f reactants are more 
e:f:ficiently solvated. Increases in both the magnitude and 
localisation o:f charge increase the extent o:f solvation by 
polar solvents. By observing variations in the rate o:f a 
reaction with changes in solvent polarity then, it is 
possible to deduce the nature o:f the transition state. 
The rate o:f amino group trans:fer in 6a was measured as a 
:function o:f concentration o:f "''a in a variety o:f solvents at 
di:f:ferent temperatures, and results are shown in Table 3. 
Due to the susceptibility o:f anhydride systems to undergo 
cleavage to the parent acids or acid derivatives in protic 
solvents, only dry, aprotic solvents could be considered :for 
use in this study. 
At any one temperature the rate varies by a maximum :factor 
o:f 13 (k 1 (CCl..q): k 1 (CD 3CN); 72°C); :tor reaction 
at "'!soc and 62oc, the ra.tes vary by less than 5 and 9 
times respectively, but the order o:f reactivity does not 
correlate with solvent dielectric constant or dipole moment 
values. Thus, there is a very small solvent e:f:fect on the 
rate o:f carboxyamide :formation in .§a, implying little change 
in the charge distribution as the transition state is 
attained, and hence that the transition state is isopolar in 
nature. Because the substrate and transition state have 
di:f:feren t polarisabili ties, interactions with solvent 
molecules will change during the course o:f the reaction , and 
it is these changes which lead to the observed small rate 
(36) 
































a dielectric constant measured at 200C 
b dielectric constant measured at 25oc 
c dipole moment in Coulombmeter (Cm); measured at 20 or 300C. 
(37) 
variations. In support o:f this conclusion, the ortho-Claisen 
rearrangement o:f allyl p-tolyl ether, which involves 
concerted bond making and breaking (Equation 13), shows a 
rate enhancement o:f only 36 times when solvent changes :from 
n -tetradecane to aqueous ethanol 56. 






CH3 CH3 CH3 
A reaction more closely related to that being investigated is 
the cheletropic :fragmentation o:f thiophenoxides (Equation 1 "i) 57 . 
(==!H3 r(H3 =j!: ;riCH3 I 
~ I . 
·~ 
s ... 'S" .... + (1-i) 
~~ j'\. 
0 0 0 0 s 
#~ 0 0 
Thermolysis o:f 3-methyl-2, 5-dihydro-thiophen-1, 1-dioxide 
involves concerted :fission o:f two s-c o bonds; the rate 
varies by a :factor o:f as little as 1 . 8 when solvent is 
changed :from n-decane to sul:folane. 
In contrast, various addition reactions to alkenes, which 
involve dipolar transition states and ionic intermediates, 
have been shown to occur at least 100 times :faster as solvent 
polarity is increased, even over a :fairly small range: the 
addition o:f bromine to 1-pentene in water is 1010 times 
fr 
i 
faster than in carbon tetrachloride, whilst alkene 
epoxidation by peroxybenzoic acid is 122 times faster in 
chloroi'orm than when reaction occurs in diethylether 55. 
Equation 12a can be shown in the form 
-A Hi= 
RT RT R 
(38) 
kR = e e c 12b) 
Nh 
where 
AHt = enthalpy oi' activation 
AST = entropy oi' activation 
enabling interpretation oi' solvent ei'fects in terms oi' these 
thermodynamic parameters. Although the Hughes -Ingold rules 
"for solvent ei'i'ects assume that the entropy contribution to a 
change in the "free energy oi' activa_tion oi' a reaction is 
small compared to the enthalpy term, this is not .necessarily 
so; entropy changes can ini'luence the "free energy oi' 
activation, and thus the response oi' reaction to solvent 
variation 55. 
From the data in Table 3 it was possible to prepare Arrhenius 
plots and so calculate activation parameters "for the nitrogen 
group transi'er process. The results are shown in Table "i; a 
reliable plot could not be obtained for reaction in carbon 
tetrachloride . 
(39) 
Table -4: Activation parameters for formation of ja. 
-----------------------------------------------------------------
Solvent CDCl3 
ra 0.995 0.985 0.979 
Ea b 27.9 1-4.-4 19.7 
(kcalmol-1) 
aH::t: 27. 3± 2.0 13.5± 2.0 20.7 ±o. 7 
(kcalmol-1) 
as=t= --4.0±5.6 --42.6 ± 5.0 -21. -4 4- -4. 8 
(calK-1mol -1 
================================================================= 
a correlation coefficient for Arrhenius plot. 
b from : lnk v s 1/T plot . 
(-10) 
Although the aHf values decrease by a £actor or 2 
over the range o£ solvents, implying some polarity in the 
transition state and variable e£riciency o£ solvation , the 
direction o£ enthalpy change does not correlate with 
increasing solvent polarity. Since the observed rate changes 
are small, and thererore also the aGr changes, the aH r 
contribution to the £ree energy or activation cannot be 
dominant in this case: obvibusly the contribution or en tropic 
energy is important. The entropy values decrease in the same 
order as the enthalpy terms . Since a decrease in entropy is 
un£avourable, implying greater ordering o£ the system, the 
ravourable e££e.ct o£ decreasing enthalpy is e££ectively 
cancelled. We believe that this ordering or solvent in the 
transition state is related to nucleophilic solvation or 
incipient monomeric methylmetaphospha te . Because o£ its low 
energy, acceptor molecular orbitals, J. is a strong Lewis 
acid, and is able to interact even with weak Lewis bases. 
Westheimer and Satterthwait have shown that the yield or 
products arising £rom aromatic electrophilic substitution by 
metaphosphate is diminished when reaction occurs in 
acetonitrile 58, and similar er£ects have been observed in 
studies on enol phosphate £ormation 59. The reduction in 
reactivity o£ metaphosphate has been explained by proposing 
adduct £erma tion with solvent : 







Such an adduct, between quinuclidine and monomeric 
metaphosphate anion, has been observed by 31p nmr60. 
Formation o'f species such as 16 "'freezes out" the solvent 
molecules, 'fixing them in a particular arrangement and so 
lowers the entropy o'f the system. Therefore, we attribute 
the observed unfavourable entropy changes in the transition 
state during 'formation o'f ja in acetone to similar but even 
stronger Lewis acid-base interaction bet ween the incipient 1 
and the carbonyl oxygen o:f the solvent (17), exactly as is 
postulated in the mechanism 'for enol phosphate 
'formation 59. The analogous, but weaker, interaction with 
less basic acetonitrile would account for the smaller but 
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In conclusion then, the rate data and activation parameters 
obtained :favour 'formation of a transition state in which 
there is no signi:ficant charge development relative to 
substrate i.e. isopolar, and in which specific (related to 
acid-base interactions), rather than general, solvent ef'fects 
operate. 
(12) 
2. 3. 1 Substituent effects 
For reactions taking place in the side chain of an aroma tic 
molecule it is often possible to obtain information about 
charge development in the transition state, and hence 
mechanistic inf'orma tion , by means of' substituent ef'f'ect 
studies and application of' the Hammett equation (Equation 
15)61, which relates the energy changes in a reaction to 
the dissociation of' benzoic acid and its deri va ti ves, in 
what is termed a linear free energy relationship. 
log k/k0 = op (15) 
where 
k = rate constant for side chain reaction of' m- or p-
substituted aromatic derivative 
ko = rate constant for unsubsti t u ted component 
a = substituent constant 
p = reaction constant 
In the transition state, a change leading to localisation o£ 
charge at the side chain reaction centre can result in 
stabilisation or destabilisation of' the system by inductive 
and resonance interactions with meta- and para-substituents 
on the aroma tic ring, depending on the electronic nature o£ 
these groups, with resulting variations in the rate of' 
reaction . If' a correlation exists bet ween reaction rate 
constant and substituent constant a (a quantitative 
measure of' the electronic ef'fect of' a substituent, derived 
from benzoic acid derivative dissociation constants), then 
the slope of' the straight line obtained is the reaction 
(43) 
constant p, which yields information about the 
magnitude of the charge change and whether it is positive or 
negative. Thus, p is a measure of the susceptibility of 
a reaction to substituent effects; for the dissociation of 
·benzoic acids p is de:fined as 1 . 00. A positive p 
value indicates that electron-withdrawing substituents (i.e. 
with positive o) accelerate the reaction . 
Since the solvent effect study indicated nitrogen group 
transfer occurs with little or no charge development in the 
transition state, we decided to obtain further support for 
our conclusions. If a dipolar transition state \¥ere to be 
involved, then large rate changes can be expected :for. 
corresponding changes in the electronic nature of 
substituents. 
Two series of mixed anhydride substrates, differing in 
substituents at either the carbonyl centre or at nitrogen were 
prepared as shown ( §) (Schemes 8 and 9) . 
NMe 1+-o 2P(OMe)NMe 2 
•6 
R = Rl = Me 
R 2 = C 6H1-p-X 
6 a, X= H 
f, X = MeO 
g, X = Cl 
h, X = N02 
+ x---<Q)--cocl 
-A 








R = Rl = Me 
R2 = C6H1-p-X 
1 a, X= H 
"f, X = MeO 
g, X = Cl 
h, X= N02 
.Scheme 8 
MeCN 
3h; room temp 
(MeO) 2P (0 )Cl + Y--©-NHR 
18 a , R = Me; Y = H 
b , R = Me; Y = MeO 
POCl3 + Y--©-NHR. HCl . 
18' c , R = Me; Y = Cl 
i) 4h re:fl ux 
ii) Na/MeOH; lh re:fl ux 
b . iii ) Me ;3N; 16h; 800C 
i v) ~a; 3h; room temp 
i) "ih re:fl ux 
ii) Na/MeOH; lh re:fl ux 
a 
6 
i ) Et 3N; 3h; 00 
ii) Me 3N; 16h; 8ooc 
iii) ~a; 3h; room temp . 
R = Me 
R1 = C6H4-p-Y 
R2 = Ph 
6 i, Y = H 
j, Y = MeO 
k, Y = Cl 
1, Y = CF3 
c -iii j- -NaH , Me 2SO 4; 16h; room temp 
iv) Me 3N; 16h 8ooc 
v) ~a; 3h; room temp 
POCl3 + 18' d , R = H; Y = CF 3 
Scheme 9 
4 
R = Me 
Rl = C6H4f-p-Y 
ji,Y=H 
j, Y = MeO 
k, Y = Cl 
1, Y = CF3 
All mixed anhydrides isolated were oils, although the 
("14) 
intermediate secondary phosphoramidochloridates and esters in 
the synthesis o:f §1 were solids: conversion to a tertiary 
amino system by N-methylation obviously removes hydrogen 
bonding possibilities and lowers the melting point o:f the 
compound. Method b (or c) proved to be a more general and 
suitable way o:f preparing dimethyl N-aryl phosphoramidates; 
(-<IS) 
yields were acceptable (ca. SO - 80%) in spite o:f the 
presence o:f electron-withdrawing substituents tending to 
deactivate nitrogen as a nucleophile, and there was no 
unreacted aniline in the crude product mixtures as when 
method a was used ( 20 - 30%) . It proved impossible to :form 
any dimethyl N -meth yl-N- CP -ni trophenyl) phosphoramida te by 
method a, and the yield o:f the p-chlorophenyl analogue was 
increased :from 30 to sor. when method b was used instead. 
The rate o:f either N ,N-dimethylamino- or N-methyl-N-
arylamino-group trans:fer in substrates §a, :f-1 to yield 
carboxyamides ja, :f-1 was measured in CDC1 3 at 700C 
using 1H nmr spectroscopy (T~ble S). 
For variations in the nature o:f substituents at the carbonyl 
centre (§a, :f-h) there is no correlation between the 
determined rate constants and substituent constant a, or any 
other type o:f substituent constant e.g. a 1 . Over a range 
o:f 1 . OS a units the rate increases by 1 . 7 times . 
Substituent e:f:fects at the nitrogen group (series § i -1) , 
however, result in a linear correlation .with p value o:E +0. 8S 
(r = 0. 981; Figure ""!) , but again the overall e:f:Eect on rate 
is weak, with §l being just ""! times as reactive as .§J, and 
approximately hal:f as reactive as·§a. The latter can be 
attributed in part to the e:f:fect o:f changing one substituent 
at nitrogen, :from the weakly positively inductive methyl 
group to the more strongly negatively inductive aromatic 
nucleus, on the availablity o:f the nitrogen lone pair. 
Increased steric requirements may also contribute to the 
("'16) 
Table 5: Rates of formation of ja ,f-1 from §a, f-1 at 
70°c in CDC1 3 . 
------------------------------------------------------------------------------------------------------------------
Substrate X y 
6f MeO -0.27 "'1.1 
6a H 0 5.1 
6g Cl 0.23 2.2 
6h N02 0.78 2."'1 
6j Meo -0.27 0.69 
6i H 0 1.09 
6k Cl 0.23 1. 53 
61 CF3 0."'10 2.7"'1 
========================================================= 
a from Ref. 61. 
(17) 
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(18) 
reduction in reactivity o:f the N-aryl-substituted anhydrides. 
Similar reactions in which there is at tack o:f a nitrogen 
nucleophile at a carbonyl centre show better de:fined linear 
:free energy correlations. For instance, in their work on 
aryl semicarbazone :formation (Equation 16) Anderson and 
-Jencks showed that the overall p :for the reaction between 
semicarbazide and substituted benzaldehydes at pH 1. 75 was 
o. 9162. At pH 8, when the rate o:f the second step is 
. 







Similarly, data obtained :from the N-acylation o:f secondary 
phosphoramidates (Equation 1 7) gave a Hammett plot with slope 
1. 8, which was interpreted as being "consistent with 
bimolecular nucleophilic attack at the carbonyl carbon 
atom"63. 
(Et0)2P(O)NMeC(O)C6H1 P W (17) 
W = H; Cl; Me 
(19) 
Anilide formation by reaction between substituted anilines 
and benzoyl chloride (Equation 18) was, on the other hand, 
characterised by a large negative p value of -3.2161, 
electron-donating substituents increasing the nucleophilicity 
of nitrogen and so increasing rate . 





With regard to the mixed phosphoric-carboxylic anhydride 
systems §, the results obtained indicate firstly, that there 
is little charge development in the transition state, in 
accordance with the concept of a concerted mechanism, since 
substituents at both centres show only small rate variations, 
and those at the carbonyl centre do not obey the Hammett 
rela ttonship; secondly , it is departure of nitrogen from 
phosphorus rather than its approach at carbon that is 
important, as shown by the small, but positive p value. The 
electron-withdrawing effects of substituents in the N-
substituted aromatic group destabilise the P-N bond, 
facilitating nitrogen group departure and increasing the rate 
of carboxyamide formation. This is a reversal of the trends 
normally observed for reactions giving similar products. 
Further evidence to support this proposal, obtained from 
molecular orbital calculations, will be presented (Chapter 3). 
The small variations in rate are attributed, at least 
partially, to a combination of conformational and specific 
solvent effects in the transition state, arising from the 
different substituent groups X and Y. 
(50) 
2.3.5 Lewis acid catalysts 
Fairly early in our investigations we observed that in the 
presence of free benzoyl chloride (~a) the measured rate of 
formation of ja from §a increased, but to varying extents, 
depending on the amount of acid chloride present . This 
prompted us to investigate the role of ~a and other Lewis 
acids as catalysts in the amino group trans'fer process. ~a, 
iodine, antimony pentachloride and tri'fluoroacetic anhydrid,e 
were all considered . SbCls caused rapid P-N bond cleavage 
in §a, probably because o'f initial reaction with traces of 
atmospheric moisture and HCl formation, and subsequent attack 
o'f acid at the P-N bond (Equation 19). Consequently very 
little carboxyamide transfer product was formed even when 










(CF 3CO) 20 appeared to speed up the reaction, but 
there was evidence o'f· al terna ti ve reactions taking place and 
use o'f this Lewis acid as a catalyst was also abandoned. The 
nature and course of these unexpected reactions will be the 
subject of later discussion (Chapter 6). 
The results o'f our study using ~a and r 2 as catalysts in 
the 'fragmentation of §a are given on Table 6. Both Lewis 
acids cause rate accelerations o'f up to 12 times over the 
(51) 
Table 6: E:f:fect o:f Lewis acid catalysts on rate o:f ja 
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concentration ranges considered. This catalysis is believed 
to arise :Erom complexation between incipient basic 
carboxyamide in the transition state and added Lewis acid 
( 19 ); this :Ea vours carboxy amide :Eorma tion and so accelerates 
P-N bond cleavage. 
XY = I-I; PhC(O)-Cl 
N, N -dimethyl acetamide is known to complex to I 2 through 
carbonyl oxygen to :Eorm a 1: 1 complex 65, and 
spectroscopic evidence has also been obtained :Eor complex 
'formation between I 2 and other N ,N-dimethylcarboxyamides66. 
Formation o:E the complex between ja and I 2 in CCl."i at 
25°C was accompanied by a :Eree energy change o:E -o. 8 
kcalmol -1 67, and other workers have reported equilibrium 
constants o:E the order o:E ·102 - 103 :Eor complexation 
between covalent halides and carboxyamides68. It thus 
seems likely that, in the absence o:E competing reactions, 
Lewis acids can catalyse carboxyamide 'formation :Erom mixed 
anhydrides o:E the type §. 
(53) 
2 . 3. 6 Summary 
The results o:E the kinetic investigation in to the mechanism 
o:E phosphoryl to carbonyl migration of nitrogen functional 
groups in phosphoramidic acid/acid chloride systems (Scheme 
3) reveal that 
i) reaction occurs with formation o:E an intermediate mixed 
anhydride §, which can be isolated; 
ii) trans:Eer of the nitrogen group occurs within 6 in a 
concerted, intramolecular process, via an isopolar, :Eour-
centre transition state (Figure 3a ); 
iii) § :fragments into two products, carboxy amide 4 and 
monomeric methylmetaphosphate (Equation 20); 
MeO (RR lN )PO 2 -+NMe 4 + R 2coCl 
§~transition state ~ 4 + 7 (20) 
iv) since no carboxylic ester products were observed in the 
course o:E the study, the trans:Eer reaction is speci:Eic 
to the trans:Eer o:E amino groups; 
v) there are speci:Eic interactions between incipient 
with 
products in the transition state · :. solvents able to 
with . 
behave as Lewis bases, orAadded Lewis acids. 
The reaction thus resembles the pyrolytic elimination (Ei) 
reactions o:E acetates, xanthates (Tschugaev reaction) and 
amine oxides (Cope elimination) 
1 
(Equation 21). 33.69 
(5-1) 
ArCH = CH 2 + HONMe 2 (21) 
These reactions all obey first order reaction kinetics, have 
negative entropies o:f activation and are often stereoselective, 
giving syn elimination products; the reactions are believed 




MNDO - SCF MOLECULAR ORBITAL CALCULATIONS 
r 
(55) 
3. MODIFIED NEGLECT OF DIFFERENTIAL OVERLAP SELF-CONSISTENT 
FIELD MOLECULAR ORBITAL CALCULATIONS 
3. 1 Introduction 
Molecular orbital theory makes use of cotp.plex mathematical 
formulations to simulate models of real chemical 
structures 70. These models, in the form of energy 
matrices, are arrived at by consideration of the fundamental 
laws governing the formation of molecules from constituent 
atoms, enabling realistic simulation of chemical behaviour 
and examination in quanti ta ti ve terms . The technique is a 
useful tool for providing evidence for or against chemical 
hypotheses. For instance, a detailed structure - reactivity 
study on the mechanism of the isomerisation of (E) -acyl 0-
alkylbenzohydroximic anhydrides 20 to N-acyl-N-benzoyl-0-
alkylhydroxylamines 21 resulted in the proposal that the 
reaction took place by an intramolecular [1,3J acyl group 
















However, it is also possible that reaction occurs either with 
formation of a zwi t terionic , four-centre intermediate , or by 
(56) 
a concerted, sigmatropic rearrangement with conservation o£ 
orbital symmetry. A MNDO-SCF study in which reaction 
potential energy surfaces, and hence transition state 
5t,4pported 
structures, were calculated . -; a concerted 
rearrangement via a four-centre intermediate , and also 
supported the observed solvent and substituent ef£ects72. 
In a similar study, results from MNDO calculations on model 
phosphoric-carboxylic imide, x 2P(O)NRC(O)R1 and 
isomeric imidate systems, x 2P(O)OC(NR)R1, correlated 
well with structural and other experimental data, and could 
be used to explain the reluctance , under normal conditions , 
o£ such systems to undergo imide-imidate rearrangements 73. 
In view of the success-ful use o£ molecular orbital 
calculations in the above and other 7"'i • 75 cases, it was 
decided to use this technique to obtain additional support 
for the mechanism already proposed (on the basis o£ 
experimental data) for the trans "fer of amino substi t uen ts 
£rom phosphoryl to carbonyl centre in mixed anhydrides, and 
to investigate the observed selectivity of the reaction 76. 
3. 2 Results and discussion 
Calculations were carried out on the model system 22, 
considering both OH and NH 2 group trans "fer (Scheme 10) , 
using standard MNDO procedures 77, and employing a s/p 
valence shell basis set only . 
(57) 
22 
All 3N-6 geometrical variables were :fully optimised. Using 
as a starting point an estimated transition state structure, 
putative transition states were located by minimisation o:f 
the sum o:f the square scalar gradients. The stationary 
points located were shown to be true transition states by 
calculating the :force constant rna trix and showing it to have 
only one negative root with eigenvectors corresponding to 
interconversion o:f reactant and product. 
22 
Substrate 
Y = OH or NH2; 








Since no other energy minima intermediate between reactant 
and product can be located , a concerted reaction is 
suggested, as predicted. Calculated energies and geometrical 
variables are shown in Tables 7 to 9 and Figure 5. 
(58) 




X = NH2 X = OH 
Bond 22 23 25 23 25 
1-2 1.551 1."'i73 1.179 1.355 
2-3 1.667 1.851 1.796 
3-1 1.610 1.529 1.481 1.531 1.471 
1-1 1.351 1.892 1.879 
5-1 1.272 1.218 1.211 1.219 1.227 
6-3 1.497 1.181 1.183 1.480 1.470 
7-3 1.667 1.591 1.596 1.616 1.601 
==================~============================================= 





a) substrate to transition state 















b) transition state to products 
X = NH2 X = OH 
----------------------a------------------------0------------
Bond ~(A) % ~(A) % 
1-2 -0.081 -5 -0.124 -8 
============================================================· 
(59) 
Table 9: Calculated MNDO energies and dipole moments 

































X = OH 
i'I.H(X o NH2l o 




Although involving a "'i-centre transition state, the 
calculations indicate the trans'fer reaction is not entirely 
synchronous: c-o (anhydride) bond cleavage is more advanced 
("'fQ%) in 23 (X = NH 2 ) than P-N cleavage (11%), and 
similarly 'for the C -0 and P-o bonds in 23 (X = OH) (Table 8) . 
Since the transition states are not inherently symmetrical 
this asymmetry is not surprising; similar results have been 
• 
'found 'for gas phase dehydrochlorination o'f chloroalkanes 78, 
and have been calculated 'for Diels -Alder reactions involving 
Unsymmetrical dienes or dienophiles 79. There is a 
tendency 'for MNDO calculations to predict highly asynchronous 
or even stepwise diradical mechanisms 79, in which case 
the HOMO-LUMO energy gap in a spin-restricted Hartree-Fock 
MNDO calculation typically has a value o'f less than 
8eV 80. For the· transition states considered here the 
corresponding orbital energy gap is greater than 10eV, 
implying that the prediction o:f a concerted reaction pathway 
is valid. 
The enthalpy values obtained are o:f particular interest 
(Table 9; Figure 5). Formation o:f either carboxyamide or 
carboxylic ester is an endothermic process, requiring 36. "'i or 
3"'1.6 kcalmol-1 energy respectively. Furthermore, both 
processes have high activation barriers (AHT=52. 9 and 6"'1 
kcalmol -1), with trans:fer o'f the OH group requiring 11. 1 
kcalmol -1 energy more than NH 2 group trans'fer. 
Whilst errors can be expected in the absolute energy values, 
owing to. the high 'formal oxidation state o'f phosphorus in 
this system 77, comparison o:f energies should show smaller 
(61) 
errors. In this vein, it should be pointed out that the 
calculated changes in dipole moments for transition state and 
product formation (Table 9) are large, and would seem to 
contradict the observed small solvent and substituent 
effects . However , since the calculations were carried out 
using only a s/p basis set of orbitals there will be a 
tendency for ionic contributions to the wavefunction to be 
emphasised. Inclusion of d -functions in the basis set would 
reduce this effect and the charge polarisation, as well as 
the calculated activation energies. 
Since the total MNDO energies for the pairs of products 
obtained are very similar (Table 9; [-1"16.7 + AH(HOP0 2 )J 
vs [ -1 "18. 5 + AH (H 2NPO 2 ) J) it appears that differences 
in the relative stabilities of the products are not important· 
in determining the selectivity of fragmentation :rather, the 
11 .1 kcalmol -1 difference in transition state energies is 
the deciding factor. This amount of energy is sufficient to 
prevent oxygen group transfer under the experimental 
conditions . 
The origins of this energy difference were investigated by 
analysing relevant highest occupied molecular orbitals 
(Figures 6-8). For the low energy molecular orbitals 
corresponding to the forming a bond between X and the 
carbonyl carbon there are significant differences for 23 
(X = NH 2) and (X = OH) (Figures Ga , b) . In the former 
case there is only one orbital where electron density is 
directed and localised along the C -N bond axis . For· X = OH 
(62) 
Figure 6. 
The molecular orbital (and its energy) corresponding to the 
formation of the a bond bet ween X and C; a , X = NH 2; 
b, X = OH. 
e H~~ 
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(63) 
Figure 7. 
The first molecular orbital with electron density in the 










Second molecular orbital with electron density in the plane 
of the POCX ring; a , X = NH 2; b , X = OH . 
-13.57 eV 
-13 . .Z6 eV 
(65) 
two orbitals can be located with some electron density along 
the c-o bond: both have less electron density in the region 
than in the nitrogen group trans'fer situation. These 
orbitals correspond to symmetric and an tisymmetric 
combinations o'f a C -0 o bond with N -H o bonds or the 
ring substituent, and tend to make the X = OH transition state 
less 'favourable, as well as susceptible to substituent 
e'f'fects at nitrogen. 
When the HOM0-1 o'f the transition states, comprising or 
combinations or the exocyclic oxygen or nitrogen lone pairs, 
are considered, di'f'ferences are again observed. Figure 7 
shows the 'first molecular orbital 'for each case which 
displays signi'ficant electron density in the plane or the 
POCX ring. In both transition states there is density on the 
trans'ferring oxygen or nitrogen group, as well as on 
anhydride, phosphoryl and carbonyl oxygens and 'formyl 
hydrogen. The component on nucleophilic nitrogen is greater 
(Figure ?a) than on nucleophilic oxygen (Figure ?b), implying 
'firstly that nitrogen acts as a better nucleophile than 
oxygen in the trans 'fer process, and also that substi t uen ts 
other than hydrogen at carbonyl carbon would stabilise the 
transition state 'for nitrogen group trans'fer. Such 
stabilisation e'f'fects would be much smaller in the oxygen 
group· trans'fer transition state, where there is also a 
destabilising 1, 3-interaction between orbitals on the two 
endocyclic oxygen a toms (Figure ?b) . 
(66) 
A second molecular orbital with electron density in the ring 
plane can be located- (Figure 8). Where X =NH2 (Figure 8a), 
electron density is directed along the axis o:t the cleaving 
P-N bond, and is orientated in such a 'fashion that 
antiperiplanar interaction with the exocyclic hydroxy group 
lone pair is possible. Such an interaction constitutes the 
stereoelectronic e:t:tect 81, Which has been shown by Kirby 
to lead to bond lengthening and reactivity changes in ground-
state acetals82. In their work on stereoelectronic 
ef:tects in phosphate diester reactions83, Gorenstein et 
al showed that during hydroxide-catalysed hydrolysis o:t 
dimethyl phosphate the transition state leading to product 
'formation was ca 11 kcalmol -1 lower in energy when 
the P-L (L = leaving group) bond was orientated in an 
antiperiplanar 'fashion to one. o:t the lone pair orbitals on 
some heteroatom substituent X at phosphorus. It seems likely 
that in the mixed anhydride system a similar interaction 
between hydroxy group lone pairs and the cleaving P-N bond 
enhances nitrogen group trans:ter and so contributes to the 
speci:ticity o:t the reaction. A corresponding 
stereoelectronic e:t:tect is not possible when the migrating 
atom is oxygen (Figure 8b) since the electron density on 
nucleophilic oxygen is not directed along the P -0 bond , 
resembling instead a lone pair orbital: there is a 
destabilising interaction between this orbital and the 
NH 2 group lone pair which will raise the energy o:t the 
transition state . 
(67) 
Quantitative information about the model transition states, 
rather than the qualitative results presented thus far, were 
obtained by transforming the SCF molecular orbitals in to 
localised orbitals8"'1. This analysis assigns a bond 
number value of 1. 0 to a localised lone pair, and the value 
2.0 to a two centre orbital such as in H20. The values 
obtained for the system being investigated are summarised in . 
Figure 9. For 23 (X = NH 2 ) (Figure 9a) analysis of the 
transition state reveals one orbital localised along the 
forming C -N bond and another along the cleaving P -N bond, 
wit.h bond numbers of 1. 857 and 1. "'!"'!"'! respectively. The 
analo.gous bonds in the 23 (X = OH) case give values of 1. 7 85 
and 1 . 318 (Figure 9b) . The implication is that there is a 
greater extent of new bond formation in the transition state 
where nitrogen is transferring. Since the C-N bond has 
characteristics of a two-centre orbital rather than a lone 
pair, the analysis supports late transition state formation. 
This finding can be related to the bond length data already 
presented (Table 8) which shows that for X = NH 2 the C-N 
bond distance changes by only 5% as reaction proceeds from 
the transition state to products: C-N bond formation is 
obviously almost complete in the transition state. 
3. 3 conclusion 
The results obtained from the molecular orbital calculations 
on model system 22 support the proposal that N-group transfer 
in mixed phosphoric -carboxylic anhydrides is specific and 
takes place intramolecularly in a concerted 'fashion, with 
(68) 
Figure 9. Localised orbital bond numbers in 23. 
a 0 b 0 
""-/~/ p c 
/ ~ A' 
0 1.~~~ N 1.857 
""-. /. ~ ,/ 
P c· 
/?~ ~..._____ 
N 1.318 0 1.785 
(69) 
formation of a four-centre transition state. The analagous 
transfer of oxygen groups is unfavourable by virtue of the 
transition state having higher activation energy 
requirements, there being no stabilising stereoelectronic 
effects, and the involvement of other destabilising orbital 
interactions. Finally, the indication that stereoelectronic 
ef£ects have an important part in the nitrogen group transfer 
process, and the localised orbital analysis both support the 
conclusion arrived at earlier, on the basis of substituent 
ef£ects, that departure of nitrogen from phosphorus in the 
transition state is important. 
CHAPTER FOUR 
EFFECTS OF CONFORMATION ON NITROGEN GROUP TRANSFER 
(70) 
"i. EFFECTS OF CONFORMATION ON NITROGEN GROUP TRANSFER 85 
"i. 1 Introduction 
Cyclic phosphorodiamidates related to cyclophosphamide ( 26a; 
26b-e) are widely used anticancer agents, and have been 
studied in some detail with respect to t:heir structure and 
absolute con'figuration 86-91, in order to determine which 
enantiomers have greatest activity, and their mode o'f 
action. 
26 
a, R = Rl = CH2CH2Cl; R2 = R3 = R"i = H· ' cyclophosphamide 
b, R = R2 = CH2CH2Cl; Rl = R3 = R"i = H· ' isophosphamide 




26c and d are believe'd to be metabolic products o'f 26a, which 
'fragment 'further yielding acrolein ( 27) and phosphoramida te 
mustard ( 28), the latter being a DNA cross-linking agent 




















The reactions o:f Scheme 11 have been utilised in the synthesis 




In order to increase the uptake of the drug by cells, and 
reduce its toxicity towards heal thy tissue, the 2'-
deoxyoxazaphosphacyclohexyluridine 30 was synthesised; this 
readily penetrates cell membranes and is enzymatically 
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The medical importance or cyclophosphamide and other cyclic 
phosphates has thus stimulated research in this "field. The 
stereochemistry or reaction or nucleophiles at phosphorus in 
rive and six membered cyclic phosphates has been investigated 
in detail and recently reviewed 93, and a number or 
studies on the conrormational prererences or cyclic systems 
have also been carried out 9"'1-98. In oddition .· , the 
basicity or the phosphoryl group in dioxophosphorinanes c 32) 
r 
has been investigated by inrrared spectpscopy99, 
32 
X = Cl; OPh; OMe; OEt; NMe 2 
R1 = H; Me; i-Pr 
R2,R3,R"'l,R5,R6 = H; Me; Ph. 
and the comparative reactivity of oxazaphospholanes ( 33) 
towards alcohols and amines studied 100. 
Y.--x o 
p L "' / /"' II N ' R1 
~ 12 . 
0 R 
R 1 = aryl; alkoxy; aryloxy 
R 2 = aryl; alkyl 
X = NH; NMe; CH 2; NR; 0 
33 
(73) 
oxazaphospholanes and dioxophospholanes 3"'l have been used as 
intermediates in phospholipid synthesis (Equation 22)101, 
(74) 
XH 




X = NMe; 0 
R = diacylglyceryl group 
and oxazaphospholidine thiones C 35) have been used in the 
synthesis o'f chiral 0 ,S-dialkyl phosphoramidothioates C 36) 
which are insecticides (Equation 23)102. 
Ph 
0 s 
."" # p 
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With respect to the elucidation o'f the mechanism o'f nitrogen 
group trans 'fer in mixed phosphoric -carboxylic anhydrides: 
since there was evidence 'for 'formation o'f a 'four-centre, 
cyclic transition state, imposing con'formational restraints 
on the system and possibly making transition state 'formation 
di'f'ficul t could be expected to result in decreased reaction 
rates. Thus, by incorporating the amide and ester 'functions 
into a relatively in'flexible ring system we hoped to obtain 
additional in'formation about the mechanism. Also, 'functional 
group trans'fer in a cyclic system such as 37 would not result 
(75) 
in "fragmentation or the molecule, as the metap.hosphate moeity 
would remain attached to the carboxy amide portion through a 
P-O bond to the alcoholic nitrogen substituent .(38a). 
37 
Consequently, additional evidence "for the simultaneous 
"formation or both the expected nitrogen group trans-fer 
products would be obtained by success-ful reaction or the 
metaphosphate portion with a suitable nucleophile, since the 
resulting compound 38 would be a derivative or the 
rearranged starting material ( 38a; Equation 24). 
38a 
1 + NuH 
0 (CH2)n 
II / '-




With these aspects in mind, it was decided to synthesise a 
cyclic mixed phosphoramidic carboxylic anhydride, and 




4.2 Structure and Reactivity o:E N-methyl-2-benzoyloxy-2-oxo-
1,3,2-oxazaphosphorinane. 
4. 2.1 Synthesis and Kinetic Study. 
The synthesis o:E N-methyl-2-benzoyloxy-2-oxo-1, 3, 2-
oxazaphosphorinane, 39 is outlined in Scheme 12. 
Co'\. ~o -N/p'\_OMe 
I 
H 
1) NaH 1 THF; 
2) Me 2so 4 room temp; 
4h 
-o 0 0 0 
PhCOCl r '\._ .;f 
\- / ""' 
MeCN; 800C; 16h I "'/ 




room temp; 3h 
40 
-0 0 





Unlike most o:E the other anhydride substrates previously 
prepared which were oils C except for · 
was a waxy solid. 
(77) 
The use or methyxfodide rather than dimethyl sulphate in the 
synthesis or the tertiary amide "l:O was attempted, but gave 
very poor yields, probably because or competing 
r 
demethylation or both substate and product by iodide ion. 
A 
The preparation or the rive-membered analogue 41 proved 









+ PhCOCl~ , 
POCl3 + NMeH (CH2) 20H 




Reaction a resulted in ring-opening rather than demethylation 
since both the a-carbon atoms or the two ester 'functions 
( -ocH3; -OCH2-) are equally susceptible to 
nucleophilic attack, while b103 yielded a mixture or 12 
and Et3NH+c1-: attempts to purify 42 resulted in 
its decomposition . 
Preliminary experiments in which 39 was heated in CDC1 3 
solution indicated that P-N bond cleavage and C-N bond 
formation was occu{ing: a new signal at ca. o 3. 0 in the 
1H nmr spectrum was observed, corresponding to the N-
/ 
(78) 
methyl and N-methylene protons of 38a en = 3) (Figure 10). 
Using this signal as a probe, the rate of transfer was 
measured in CDC1 3 at 70°C for two solutions of 39 of 
known concentrations. The reaction obeyed first order 
kinetics (data points were scattered when incorporated into 
the second order rate law), and gave an averaged rate 
constant k 1 = 8.63 x 1o-8s-1 (Table 10), 53 times 
smaller than the rate constant for transfer in the acyclic 
analogue §a. Attempts to trap the intermediate 38a by 
reaction with acetophenone, and so prove simultaneous 
formation of metaphosphates and carboxyamides by intra-
molecular transfer, were unsuccessful; other trapping agents 
were not used . Further investigations were directed towards 
determining the structural factors responsible for the lower 
reactivitY of 39 with respect to the transfer-fragmentation 
reaction. 
4. 2. 2. Structure determination and molecular mechanics study. 
The fact that 39 was solid offered the opportunity of gaining 
an insight into the transition state requirements for 
nitrogen group transfer: Burgi and Duni tz claim that 












Table 10: Rate data 'for nitrogen group transf'er in 39 (CDCl3; 
================================================== 
Concentration of' 39 (M) 0.258 0.272 
7.61 9.61 
r 0.8906 0.9706 
----------------------------------------------------------------------------------------------------
(81) 
regularities observed in the crystal structures o-.f a series o-.f 
systems containing both nucleophilic and electrophilic 
centres can be used to map energy pathways -.for reaction 
between the two centres, each structure representing a 
situation where reaction has been -.frozen, a-.fter proceeding to 
a certain extent, because o,-.f constraints imposed by the 
crystal environmentlO"''. In the same way, it was -.felt 
that the solid state structure o-.f 39 might resemble the -.four-
centre transition state, or, alternatively, might indicate 
why the rate o-.f trans-.fer was so slow. Un-.fortunately it was 
not possible to obtain suitable crystals o-.f any acyclic mixed 
anhydrides in order to compare the two situations . 
A crystal o-.f 39 was obtained -.from diethylether solution by· 
slow evaporation o-.f solvent under protection -.from atmospheric 
moisture , and the intensities o-.f 1113 unique re-.flections out 
to e = 25°C measured on an Enra-.f Nonius CAD"'! di-.f-.fractometer 
by the w-2e scan method, using MoKa radiation. The 
unit cell was determined by least squares re-.finement on the 
setting angles o-.f 2 "'! re-.flections c 16o ~ e ~ 1 7o) . 
The crystal orientation was monitored during data collection, 
and three re-.ference re-.flections were used periodically to 
check crystal stability. The data were corrected -.for Lorentz 
polarisation -.factors, and an empirical adsorption correction 
applied105. The phosphorus atom, as the heaviest atom, 
was located by a Patterson map, and the remaining non-
hydrogen atoms by successive computation o-.f di-.f-.ference maps, 
using the SHELX-76 program106. In the final least squares 
re-.finement cycle all non-hydrogen atoms were treated 
) 
(82) 
anisotropic ally (anisotropic temperature "factors, T = exp [ 
+ 2U13hla-*c-* + 2U12kha-*b-*) J). 
At this stage, methylene and aromatic hydrogen atoms were 
placed geometrically, with all C-H bond distances "fixed at 
0 
1.00A, whilst the hydrogens on the N-substituted methyl group 
were treated as a rigid mo:iety. All hydrogen atoms were 
assigned a single isotropic temperature "factor. In the "final 
rerinement a weighting scheme was applied. No attempt was made 
to determine the absolute structure or the crystal. Geometrical 
parameters were calculated by the program PARST107 and 
molecular illustrations generated by PLUTO (Figures 11 and 
12) 108. Tables 11-18 give various cell parameters , atomic 
coordinates, anisotropic temperature "factors and selected 
geometrical data. Observed and calculated structure "factors, 
and an analysis or variance, are given in Appendix 1. 
In most respects, the structure or 39 is similar to those 
determined ror other oxazaphosphorinane systems: the 
heterocyclic ring itselr is in the "favoured chair 
con:tormation 86-88, as indicated by the ring data in Table 
18109, with the N-methyl substituent and phosphoryl oxygen 
atom in equatorial positions88 • 91. The benzoyloxy 
substituent is axial and almost perpendicular to the 
oxazaphosphorinane ring plane (Table 17), as is the bis(2-
Chloroethyl )amino substituent in cyclophosphamide 86. 
The nitrogen atom is essentially sp2 hybridised: the sum 
or the bond angles around N1 is 35"'!. 5o (Table 15), and the 
0 
atom deviates only 0.205(3)A "from the plane derined by Cl,Pl 
(83) 
Figure 11: View o:f 39 along axis perpendicular to plane 
de:fined by P1-C1-C3 (indicating atom numbering scheme used). 
(81) 
Figure 12 : View of 39 alon-g- P 1-C 1 axis . 
I 
(85) 
Table 11: Crystallographic data and experimental parameters 





























1. 39gcm -1 
2. 21cm -1 
536 
0."11 x 0."17 x 0.56 mm 
w - 28 
co. 83+0. 35tane )o 




number o:f observed re:flections (N) 
with I (rel) > 2cri (rel) 1037 
average transmission :for 
adsorption correction 98. 2% 
Final re:finemen t . 
number o:f variables (NP) 
R=~IIFol -!Fell/~ tFol 
Rw=~w1/ 2 IIFol- IFcll/~wl/2 IFol 











Table 12: Fractional atomic coordinates o:f non-hydrogen atoms 










































































Table 13: Fractional atomic coordinates for hydrogen atoms 





























































Table 14: Anisotropic temperature :factors for non-~ydrogen 
atoms ( 103A2; standard deviations in parentheses) 
============================================================ 
U11 U22 U33 U23 U13 U12 
------------------------------------------------------------
P1 44(1) 49(1) 43(1) 6(1) 7(1) 7(1) 
01 37(1) 45(1) 57(2) 1(1) 2(1) 4(1) 
02 71(1) 70(1) 46(2) - 1(2) 9(1) 15(1) 
03 44(1) 62(2) 58(2) 14(1) 8(1) - 4(1) 
N1 54(1) 44(2) 57(2) 4(1) 3(2) 4(1) 
04 60(1) 43(1) 144(3) -20(2) 10(2) - 3(1) 
C1 59(2) 64(2) 47(2) 7(2) 1(2) 0 
C2 50(2) 86(3) 58(2) 1(2) - 5(2) - 5(2) 
C3 52(2) 62(3) 76(3) 0 1(2) -14(2) 
C4 47(2) 48(2) 57(2) -67(2) 1(2) 0 
C5 40(2) 46(2) 40(2) - 6(2) 3(2) 1(2) 
C6 47(2) 52(2) 55(2) - 5(2) 2(2) - 8(2) 
C7 38(2) 91(3) 56(2) - 9(3) 5(2) 5(2) 
C8 63(2) 70(3) 46(2) - 7(2) - 6(2) 29(2) 
C9 78(3) 48(2) 53(2) 2(2) 3(2) 9(2) 
C10 50(2) 43(2) 53(3) - 1(2) 6(2) - 2(2) 
C11 90(3) 44(2) 76(3) 3(2) 9(2) 2(2) 
============================================================ 
(89) 
Table 15: Selected geometric parameters (standard deviations in 








































Table 16: Equations of least-squares planes, and distances of 
specified atoms from planes (standard deviations in 
par en theses) . 
============================================================ 
Plane 1 P1, C1, C11 
0.9503X + 0.2155Y - 0.19132 = 3.1095 
0 
N1 0.205(3)A 
Plane 2 C5, 01, 01 
0.0519X - 0.1537Y + ·0.98662 = 0.1332 
0 
C1 0.005(1)A 
Plane 3 C5, C6, C7, C8, C9, C10 
0.2212X + 0.0658Y + 0.9730z = 0.6229 
============================================================ 
(91) 
Table 17: Angle between normals to least-squares planes 
(standard deviations in parentheses) 
============================================== 
angle (degrees) . 
Plane 1 - Plane 2 95.7(2) 
Plane 1 - Plane 3 90.5(2) 
Plane 2 - Plane 3 161.2(2) 
==============================================· 
(92)· 
Table 18: Puckering Co-ordinates and Asymmetrical Parameters 
for Oxazaphosphorinan Ring . 
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q2 = 0.073(3)~ 
q3 = 0.502(3)A 
C!>2 = -96(3) 0 
0 
QT = 0.508(3)A 
e 2 = 8.3(3) 0 
.6.Cs (03-C3) 
.6.Cs(P1-03) 
aC 5 (N1-P1) 
ac 2 (03-C3) 










and C11 (Table 16). All or the bond lengths are comparable 
with those in other, similar structures, except the P1-01 
anhydride bond, which is signiTicantly longer than the P-O 
ester bond reported for N-methyl-2-phenoxy-2-thio-1,3,2-
oxazaphosphorinane (43), 1.636(2)A vs 1.605(2)A110_ 
43 
This arises from the greater electronegativity or the 
benzoyloxy group relative to the phenoxy group, which also 
causes that substituent to take up the axial position on the 
ring, normally "favoured by phosphoryl oxygen atom. 
In order to "form the cyclic transition state required for 
intramolecular transfer, there must be a bonding interaction 
between the nitrogen lone pair of electrons, situated in a 
p orbital, and unoccupied orbitals at the carbonyl 
centre: in the solid state, the distance between the reacting 
0 
N1 and C4 atoms is 3. 270( 4)A, much greater than the 
0 
interaction distances of 2. 0 - 2. 6A found in other systems by 
but not sisniticcmtly 
Dunitz 104. 111, _ · · : - :.: larger than the sum of the van 
der Waal's radii or N and c ( 3. 20 - 3. 25A 112) . In 
addition, significant rotation is required about the P1-01 
and 01-C4 bonds, since in the transition state, syn-
periplanar orientation of the P 1-N 1 and 01-C 4 bonds is 
(94) 
required (NPOC torsion angle o£ oo), and the carbonyl 
group must lie in the same plane as the oxazaphosphorinane 
ring (POCC torsion angle or goo) . In going :from the 
solid state to transition state structure then, bond 
rotations o:f 64.1(3)o and 86.5(2)0 respectively, 
about these two bonds are required in order to achieve the 
necessary bicyclo [4, 2, OJ -octane :fused ring system. During 
rotation it is possible that the axial hydrogens H11 and H32 
on the oxazaphosphorinane ring and the carbonyl oxygen or 
aroma tic hydrogens could come in to close con tact, result-ing 
' in steric hind, ranee, an increase in the energy required :for 
transition state :formation, and hence a decrease in reaction 
rate. To investigate this possibility, molecular mechanics 
calculations were carried out on 39. 
The Molecular Mechanics Method (also known as the Force -:field 
or Westheimer Method) o£ obtaining molecular in "formation 
di:f:fers £rom molecular orbital calculations (Chapter 3) in 
that it considers, on the basis o:f the Born-Oppenheimer 
approximation, just nuclear motions, although electronic 
e:f:fects are taken in to account . By considering the molecule 
as a rigid series o£ masses (atoms) linked by springs 
(bonds), and knowing the various "force constants :for 
stretching and bending movements (the rorce-:field), it is 
possible to determine both the structure and energy o:f .any 
molecule. Bond lengths and angles, and torsional angles can 
also be obtained and, most importantly, quantitative 
in :formation about steric e:frects 113. Di:f:feren t "force-




study a variety o'f systems: the con 'formation o'f 
cycloalkanes11"'i, the hydroxymethylene ketone-aldo enol 
equilibrium115, and a con'formational analysis o'f 
polyamine acids116. Simonetta et al have used this 
technique in discussing crystal structures 117, and in 
obtaining support 'for the proposal, based on experimental 
results that the Cope rearrangement o'f diallylic systems .. 
proceeds via an activated complex in which the molecule is in 
either a chair- or boat-like con'figuration, depending on the 




Their calculations ranged over the en tire course o'f reaction 
("'i"'i-+ "iS) and energies, bond distances and bond angles in 
structures approximating the activated complex structures 
were calculated , at increments o'f 0. 1 units along the 
reaction coordinate o'f 1 unit , by minimising the energy o'f 
the molecule a'fter varying three parameters (related to 
dihedral angles between orbitals and atomic planes), whilst 
keeping other geometric values constant. 
For our purposes, we used a similar approach. Starting 'from 
the con 'formation o'f 39 'found in the solid state, a potential 
energy sur'face (Figure 13) was generated by driving the 02-P1-. 
01-C"'i and P1-01-C"'i-O"'i torsional angles over their 'full range 
(96) 






02-P 1-0 1-C "i 
torsion angle 
(degrees) P1-01 C-1 O"'i 
. 0 torsion angle 
(degrees) 
(97) 
in steps o:f 20°; at each stage complete geometric 
optimisation was allowed. The calculations were per :formed 
with a program developed in these laboratories119 and 
Allinger's MM2( 80) :force-:field 120, updated with the 
constants given in Appendix 2. The partial charges given by 
Weiner et al121 were used to calculate bond moments. The 
addition o:f lone pairs on oxygen and nitrogen atoms was 
omitted since their inclusion resulted in poor N-P and 0-P 
bond lengths. Figures 1""1 and 15 show the two con:formations o:f 
39 closest to the expected transition state structure (Figure 
1""1: TSA, 02-P1-01-C"'l angles, -2"'100; P1-01-C"'l-O"'l angle, 
900; Figure 15: TSB, 02-P1-01-C""' angle, -2""10°; Pl-01-
C"'l-O"'l angle, -900); the approximate position on the 
energy sur :face o:f TSA is indica ted on Figure 13. Table 19 
shows the calculated energies o:f the three con:formations, and 
Table 20 the calculated distances between those atoms 
considered most likely to interact sterically with each 
other. 
Figure 13 indicates that TSA lies on or near a local energy 
maximum: because o:f the sampling method used and the 
approximate nature o:f the axes indica ted , it is not possible 
to pinpoint the exact position o:f TSA on the energy sur:face. 
Additionally, TSA (or B) is not necessarily the exact 
transition state. Finally, because the method used allowed 
the complete geometric optimisation o:f the remainder o:f the 
molecule, and there:fore minimisation o:f steric energies, it 
is probable that the sur:face is :flattened somewhat compared to 
a real situation , and energy maxima and minima are less 
(98) 
Figure 14: TSA; 02-P1-01-C4 torsion angle or -240°; P1-01-
C4-04 torsion angle or 90°. 
(99) 
Figure 15: TSB; 02-P1-01-C1 torsion angle or -2100; P1-01-
C1-01 torsion angle or -9oo. 
(100) 
















a average energy for conformers with P1-01-C1-01 angles 
of aoo and 10o0. 
b average energy :for conformers with P1-01-C1-0"l angles 
of -8o0 and -10o0. 
(101) 
~ 0 
Table 20. Calculated interatomic non-bonded distances (A) 
============================================================ 
TS A ::E van der Waal's radii 
H11-0"'i 2.9"'186 H-0 3.2"'1 
H32-0"'i 3.2"'163 
H111-H6 2.8857 H-H 3;ooa 






a Re:f 119; 
b Re:f 112. 
(102) 
pronounced . The very high energy points in Figure 13 arise 
from those conformations in which the benzene ring is 
directly underneath the oxazaphosphorinane ring, a situation 
in which a great deal of steric interaction is to be 
expected. 
The total energies calculated (Table 19) indicate that there 
is an energy increase of about 6. 7 kcalmol -1 as 39 is 
twisted into conformation TSA or B. Much of this increase 
probably arises from the eclipsing of the P1-N1 and 01-C4 
bonds, but it may be contributed to by steric interactions, 
particularly between H11 and 04, and H111 and H6 in TSA, or 
H32 and H6, and H111 and 04 in TSB. In these cases 
the calculated distances between atoms are less than the sum 
of the respective van der Waal's radii (Table 20). The C4 and 
N 1 a toms in both conformations are also close enough for 
orbital overlap to occur. Once again, it should be noted 
that because of the optimisations allowed , TSA and TSB 
represent the most energetically stable situations possible, 
for which the geometric relationship bet ween the P 1-01 and 
01-C4 bond is specified, and the calculated energy values are 
probably lower than in reality. 
In previous work (Chapter 3; ref 76) a calculated activation 
energy difference of 1i kcalmol-1 was regarded as large 
enough to account for the fact that only amino, and not 
I 
alkoxy, groups were transferred in phosphoric -carboxylic 
anhydride systems. In the case of the cyclic system 39 then, 
it seems likely that an energy requirement of 6-7 kcalmol-1, 
(103) 
arising from increased rotational and steric requirements, 
could result in a 50-fold decrease in rate compared to a more 
flexible acyclic system. For this to be proved, however, a 
similar quantitative analysis of an acyclic analogue is 
required for comparison . Until this has been obtained , the 
slow rate of nitrogen group transfer in a system such as 39 
is best described in qua:L;,.;.itative, more classical terms, 
namely that as expected, steric effects are important for 
reactions proceeding by highly organised transition 
states 5~, and that reductions in conformational 
flexibility cause reductions in reaction rates. 
CHAPTER FIVE 
REACTIVITY OF DIAMIDO SYSTEMS 
(10"!) 
5. REACTIVITY OF DIAMIDO SYSTEHS 31 
5.1 Introduction 
As part o:f the study into t_he generality o:f amino group 
trans:fer :from phosphoryl to carbonyl centre in mixed 
·phosphoric-carboxylic anhydride systems, substrate "19 was 
prepared ·:from the tetramethylammoni urn salt o:f N, N, N', N'-
tetramethylphosphorodiamidic acid "18, according to the pathway 
outlined in Scheme 1"1. 
POCl3 








The alternative route to "!8 :from ester "!7 could not be used as 
it proved di:f:ficul t to obtain the salt in good yields using 
Me 3N as demethylating agent. A comparative study made at 
this time indicated that under identical conditions methyl 
N ,N ,N' ,N' -tetramethylphosphorodiamidate "!7 was at 
least 10 times less reactive towards trimethylamine than 
trimethylphosphate (50)', and "l to 5 times less reactive than 
the monoamides dimethyl N, N -dimethylphosphoramida te C.~ a) and 
(105) 
dimethyl N -phenylphosphoramidate C1:m) (Table 21). This 
reduction in reactivity is believed to originate in 
phosphorus to nitrogen dTr-pTr bonding122 (Equation 
26; X = NR2) which increases the electron density at 
phosphorus and consequently decreases the electrophilicity o'f 
the carbon atom in the methoxy substituent, thus slowing down 
the demeth ylation reaction . 
(26). 
Hydrolysis o'f the ester bond in 17 using aq .NaOH was 
considered, but regarded as impractical, as studies in our 
labor a tory had shown 123 the reaction to be very slow, 'for 
the same reasons as above. Thus, direct tetramethylammonium 
salt 'formation by reaction bet ween N , N , N' , N'-
tetramethylphosphorodiamidochlorida te 16 and aq. NMe ·t -oH 
was chosen as the most viable route to 19. When heated in 
acetonitrile solution 19 yielded N ,N-dimethylbenzamide as the 
only isolable and identi'fiable product. 
5. 2 Reactivity Studies 
5. 2. 1 Sol vent e'f'fects and activation parameters 
Samples o'f 19 were prepared in 'four di'f'ferent solvents and the 
rate o'f PhCONMe 2 (ja) 'formation measured by 1H nmr 
spectroscopy, since substrate and product signals could again 
be distinguished. The 'first order rate constants obtained 
are shown in Table 22. 
(106) 
Table 21: Comparative reactivity o:f 17, 50,,1.a ,m towards Me 3N 
============================================================ 
Substrate 
50, (MeO) 3PO 








a Substrate: Me 3N = 1: 2 moles; MeCN, 80°C, 5h 



















a krel(1) = k1(so1vent)/k1CCCl1). 
b Relative to MeO(Me 2N)P(O)OC(O)Ph(_§a), after 
correcting to one NMe 2 group. i.e. k 1 (Ja)/k1(§a). 












12.65 + 0.1 
AS T 
(calK -1mol -1) 
--43.2 ~ 2.2 
============================================================ 
(107) 
As for .§a (Chapter 2), the variation in rate of nitrogen 
group transfer in "19 over a range of solvent polarities is 
small, approximately 12 times, but does follow the order of 
increasing solvent dielectric constants. It seems then that 
the mechanism of fragmentation in "19 is essentially the same 
as for .§a, giving rise to carboxyamide ja and a metaphosphate 
species 51, but specific sol vent effects play a smaller role 
(Equation 27) . This diamido system is, however more reactive 
than the model system _§a, as reflected by the krelC2) 
values, which take into account the statistical advantage 
existing for nitrogen group transfer in "19 by virtue of there 
being two migratory groups . 
PhC(O)NMe2 + Me2NP02 (27) 
"'ia 51 
An increase in the reactivity of a system undergoing reaction 
by the same mechanistic pathway is often reflected in the 
energetics of the reaction. To this end, the rate of 
nitrogen group transfer in "19 was measured at two other 
temperatures, enabling a three point Arrhenius plot to be 
obtained, and hence the activation parameters shown in Table 23. 
Whilst the absolute values obtained are probably not 
accurate, since they are derived from a small data set, they 
should be valid for comparison with the values previously 
obtained for 6a . 
(108) 
The enthalpy of activation is less than the corresponding 
term for §a ( 27. 3 kcalmol-1), and, if it were not for the 
. 
large negative entropy term, this decrease in enthalpy alone 
might have accounted for the greater reactivity of the 
diamino system. The increased transition state ordering 
implied in this case is, we believe, related to the 
stereochemical requirements of the transfer reaction. 
Molecular orbital calculations carried out on a model system 
of §a indica ted that a stereoelectronic effect in the 
transition state, involving the exocyclic oxygen substituent 
lone electron pair and the cleaving P -N a bond, was 
important in determining the course of reaction (Chapter 3). 
In that instance, both lone pairs on oxygen were available 
for orientation in to the required an tiperiplanar arrangement , 
whilst in "'19 the exocyclic group is a nitrogen substituent 
with only one lone pair of electrons. There must, therefore, 
be fewer favourable orientations, and so fewer conformations 
of the system as a whole, in which transfer of the other 
nitrogen group can occur. Such restrictions on conformation 
translate into decreased entropy in the transition state. 
The activation parameters thus do not adequately account for 
the greater reactivity of "'19 over §a, except to imply that, if 
the transition state did not have such high entropic 
requirements, then the observed enhancement might have been 
even greater. 
It is more likely that the greater stability of the second 
product of reaction, the nitrogen substituted metaphosphate 
(109) 
51, compared to methylmetaphosphate, causes an increase in 
reactivity by ~- prt?_v\9in_9 ->!b~r c!~~-~~-"'-"' f'?!C~- f?or -~, _-~:_. ~-'--"- .:.~___:-~-~~~,) 
the reaction.. "';___ __ V: - ~ .- "'.-' ..,.. ..-- ---· -· -·--~--.:__.: ~;~---~ _);:,..,,_~_·\~··-·-·-~=---·-,.~~:--=---~:...=-~~-"h., ~ ~-. -,-"'"-- ----'----• :-=-;./"" 
----~ l:l ~--~ -~ - -~~~:/ A stable, crystalline diiminophosphorane 
52, with phosphorus coordination number 3, has been isolated 
(Equation 28) and characterised by various methods, including 
31p nmr, which indicated a large down-field shi:ft compared 
to iminophosphoranes o£ coordination number 4, and so an 




Since the corresponding oxygen systems cannot be similarly 
isolated and characterised· (see Chapter 2), substitution o£ 
oxygen by nitrogen in such P (V), 3-coordinate systems 
obviousl-Y increases stability, but without reducing 
electrophilic reactivity , and so ·could account :for the 
increased reactivity o£ 49 towards amino group trans-fer and 
:formation o£ 4a . 
5 . 3 Conclusion 
Mixed phosphoric-carboxylic anhydrides derived :from 
phosphorodiamidochloridates (e.g. 46) undergo a thermal 
phosphoryl to carbonyl migration o£ amino groups, to give 
carboxyamides, in a unimolecular process which is insensitive 
(110) 
to changing solvent polarity, and which has a large, negative 
entropy of activation. However, reaction proceeds more 
rapidly than when there is only one migratory group present; 
this is attributed to a decrease in the energy requirements 
of the reaction as a whole by formation of a stabilised, 
nitrogen -sub§ti t u ted metaphospha te species 51. 
CHAPTER SIX 
INTERMOLECULAR REACTIVITY OF MIXED ANHYDRIDE SYSTEMS 
(111) 
6. INTERMOLECULAR REACTIVITY OF MIXED ANHYDRIDE SYSTEMS 
6. 1 Introduction 
Intermolecular reactions involving mixed anhydrides are 
predominantly those o£ at ta.ck o£ n ucleophile at one or other 
o£ the acyl centres; these have been discussed earlier (see 
Chapter 1). However, during the course o£ investigation into 
the nature o£ amino group trans"fer "from phosphoryl to 
carbonyl centre in mixed phosphoric-carboxylic anhydrides, 
results were obtained which we. "felt could be accounted "for 
only in terms o£ intermediate disproportionation processes 
i.e. intermolecular reaction. In order to con"firm the 
proposals, semi-quantitative kinetic studies were undertaken, 
the results o£ which are presented here. 
6. 2 Disproportionation: role in nitrogen group trans"fer. 
6. 2.1 E"f"fect o£ tri"fluoroacetic anhydride 
When the model mixed anhydride · 6a was heated in CDCl3 
solution at 58°C in the presence o£ an equimolar amount 
o£ tri"fluoroacetic anhydride (TFAA), introduced as an 
. expected Lewis acid catalyst, or when .§a was incubated in 
neat TFAA (re"fer Chapter 2, 2.3.5), a new product, apart "from 
the expected N, N -dimethylbenzamide ( ja) , was observed. In 
the 60MHz 1H nmr spectrum it was apparent a"fter 21 and 3h 
heating, respectively, as a quartet at <53.20 (Figure 16a). The 
possibility that this signal arose "from a product "formed by 
acid catalysed nucleophilic attack at .§a, as would occur iT 
(112) 
Figure 16: 1H nmr spectra or reaction mixtures resulting from 
heating or .§a and TFAA (CDCl3). 
a 
a: 60 MHZ spectrum 
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When 6a was dissolved in trifluoroacetic acid and heated, all 
substrate signals in the N-methyl region of the 1H nmr 
spectrum rapidly disappeared, and were replaced by a triplet 
at 6 3. 0, characteristic of 53. This signal was upfield of 
substrate, whilst that arising from the unknown product was 
down field, and the two signals had different multiplicity: 
obviously they did not correspond to the same compound. 
Another possibility was that the unknown species was N, N-
dimethyl trifluoroacetamide (_:im; R = R 1 = Me; R 2 = CF 3 ); 
formed either by direct transfer of the dimethylamino group 
from the carbonyl centre of TFAA (Scheme 15, route a), or by 
initial disproportionation of the two anhydrides to yield a 
new mixed anhydride (.§m) within which intramolecular transfer 
of the nitrogen substituent occurred (route b). 
c : intramolecular 








a : nucleophilic 
attack 
+ TFAA 



















To con:firm that the unidenti:fied product was jm, this amide 
was synthesied by the Schotten-Baumann method (Equation 30)-42. 
TF AA + 2Me 2NH 2CF3CONMe2 
jm 
The 300 MHz 1 H nmr spectrum o:f the product ·showed two 
signals in the same region as that originally observed 
(63. 06, d; 63.15 q), corresponding well with 
literature values 125 :for jm; the splitting pattern arises 
(30) 
:from long-range coupling between two non-equivalent N-methyl 
groups and the :fluorine substituents. 
Repetition o:f the reaction between equimolar amounts o:f 6a 
and TF AA in CDCl 3 . at 7ooc , now using 300 MHz 1 H nmr 
spectroscopy to examine the reaction mixture at intervals, 
showed a decrease with time in substrate signal intensity, 
and a concurrent increase in intensity o:f signals 
corresponding to ja, and at 6 3. 06 (doublet). and 
63 .15(quartet) i.e. corresponding to jm (Figure 16b). 
Figure 17 shows the extent o:f formation of both products 
during the course of reaction. §a is converted almost 
equally to -4a and jm, but initial formation of jm is more 
rapid. 
Reactions o'f the type shown in route a (Scheme 15) are known 
to result in carboxy amide formation during N-acylation of 
phosphoramidates by acyl halides, under neutral and basic 
conditions 53 • 6. Challis and !ley have also shown that 
(116) 
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(117) 
tertiary phosphoramidates 55a ,b react rapidly with TFAA at 
25°C to yield jm (Equation 31) 63. 
55 a, X = EtO; R = Me 
b, X = NMe~ R =Me 
c , X = EtO; R = H 
(31) 
sse reacted with TFAA to yield initially the mixed phosphoric-
carboxylic imide (initial k 2 = 5.2 x 10-3M-1s-1), 
and similar results were obtained 'for reaction with 
-trichloroacetic and chloroacetic anhydrides. In all cases, 
imide 'formation was 'followed by rapid P-N bond cleavage and 
carboxy amide 'formation. In view o'f this rapid bond cleavage, 
it is however unlikely that route a accounts 'for 'formation 
o'f jm 'from §a in our case: the slower, intramolecular 
trans 'fer reaction (route c; k 1 = 5. 1 x to-6s -1 at 
70°C; obtained previously (Chapter 2)), would not be able 
to compete with this 'faster, bimolecular process to the 
extent where almost 50% o'f substrate was converted to ja, as 
observed. Another possibility, that 'formation o'f _:tm occur~d 
by reaction between ja and TFAA a'fter intramolecular trans'fer 
o'f the amino group was excluded when the lH nmr spectrum 
showed no change a'fter prolonged heating o'f a solution o'f 4a 
and TFAA in CDC1 3 . Route b thus appeared to be the most 
likely means by which 4m could be 'formed in this system. 
The product o'f the proposed disproportionation reaction (§m) 
was independently s'ynthesised on an nmr scale and allowed to 
'fragment in situ, the reaction mixture remaining at so0 c 
in the 300 MHz nmr spectrome:ter probe (Equation 32). 
(118) 
TFAA + NMe4+-0P(OMe)NMe2 6m + NMe 4+-o2CCF3 
1500c 
4m (32) 
Periodic monitoring by 1H nmr spectroscopy over a period o:f 
3h indicated that §m decomposed to yield only jm. The rate 
o:f :formation o:f jm :followed :first order kinetics, and a rate 
constant k 1 1 = 1.48 x 1o-4s-1 (r = 0.9960) 
was obtained. This is 71.5 times :faster than the rate o:f 
:formation O:f 4a :from 6a (k 1 = 2. 07 X 1 o-6s -1; 
50°C; CD 3cN). McCarthy and Hegarty observed that in 
the rearrangement o:f acyl-0-alkylbenzohydroximic anhydrides 
to N -acyl-N -benzoyl-0 -alkyl-hydroxylamines (Equation 33) 
changing R2 :from a methyl to a phenyl group caused a 





They accounted :for this in terms o:f the increased steric 
requirements o:f the phenyl group in a :four-membered 
transition state, and to the reduction in reactivity o:f 
aromatic acyl systems to nucleophiles compared to that o:f 
aliphatic acyl compounds. Given that amino group trans :fer in 
§a or §m also requires a :four-membered transition state 
(Chapters 2-4), i.t is likely that the greater reactivity o:f 
.§m compared to .§a stems :from the same :factors, and is 
enhanced by the strongly electron-withdrawing nature o:f the 
:fluorine substituents in §m, which :facilitates the approach 
o:f the amino· group at the carbonyl centre. 
(119) 
The results obtained for the reaction o:f 6a and TFAA in 
CDC1 3 allow description of this reactive system in 
semi-quantitative terms, illustrated in Scheme 16. 
6a 




6m + PhC(O)OC(O)CF3 
kll 
unimolecular 
1m + CMeOPO 2 J 
Since the 1H nmr spectrum never gave any indication o:f the 
presence of §m in the reaction mixture, its rate of 
disappearance, by amino group transf,er and fragmentation, 
must be much faster than its rate of formation, i.e. 
k11C§m J»k 2 C§a J CTFAA J. A slow disproportionation 
step (§a-+ §m) would explain why ja is :formed in comparable 
quanti ties to jm, in spite of the fact that fragmentation of 
6m is much faster than that of §a Ck 11 = 71k1). 
At tb,e initial stage o:f reaction, when the concentrations of 
6a and TFAA are relatively high, the bimolecular reaction (§a~ 
§m) proceeds at a considerable rate, so formation of 1m is 
signi:ficantly greater than that of ja (Figure 1 7). As the 
concentrations o:f substrates decrease, the rate of formation 
o:f ja (by a first order reaction) decreases less 
dramatically than that of §m (formed by a second order 
reaction), and consequently the product ratio Cja J: [jm J 
gradually increases. 
(120) 
6. 2. 2 Formation o:f phosphorodiamida tes :from 
phosphoramidochloridates via amino group trans:fer. 
Because our interest in the reaction in val ving trans :fer o:f 
nitrogen :functional groups :from phosphoryl to carbonyl 
centres originated with an observation made during a study o:f 
the reaction between phosphoramidate monoester monoanions 
and acyl chlorides, our approach to the synthesis o:f various 
intermediate mixed anhydride species § :for kinetic 
experiments was always that shown in Equation 31. 
+ R2cocl 
2 
H, alkyl ,aryl; 
= aryl 
6 a , R = R 1 = Me; 
R2 = Ph 
However, it is just as likely that § will be :formed by 
reaction between the phosphoramidochloridate and carboxylic 
acid (Equation 35): 
(31) 
6 + BH+cl- (35) 
and in :fact this is the usual route to mixed phosphoric-
carboxylic anhydrides :for use in anhydride, amide or ester 
synthesis15,17,126. Our attempt to synthesise §a by this 
latter route proved di:f:ficul t, and in addition an unexpected 
product was obtained. 
(121) 
Several attempts were made to synthesise 56 (R = R 1 = Me) 
from N, N -dimethyl phosphoramidodichlorida te and either 
methanol or methoxide ion, all of which yielded complex 
product mixtures arising from simultaneous mono- and 
. 
disubstitution. 56 was eventually synthesised according to 
the procedure outlined in Scheme 17, but we still failed to 
obtain. the product in a pure state: there was always 10-20% 
HaNMeatCl- present. 







The impure 56 obtained was reacted with benzoic acid in the 
presence of dimethylformamide and triethylamine (Equation 36) 127. 
56 + PhCOOH + DMF ~a + 57 + HCl 
6 : 1 MeCN : ether; 
1h reflux 
After 1h reflux the products were isolated by removal of 
(36) 
solvents, and washed with water. The 1H nmr spectrum sho1,>1ed 
the presence of N, N -dimethylbenzamide, and some other, 
phosphorus -containing species ( 6 2. 66, 6 3. 6 7; two 
doublets; ~: 1 ratio) . There was no evidence for mixed 
anhydride §a, but this species was probably hydrolysed on 
aqueous work up if still remaining. Separation of ja and the 
unknown product 57 by column chromatography proved 
(122) 
unsuccessful, but they could be separated by gas 
chromatography (57; tR = 4. 6min; 9%; ja; tR = 9. 7min; 58%), 
and 57 was identified by comparison with authentic samples as 
methyl N ,N ,N' ,N' -tetramethylphosphorodiamidate, 
As with formation of ja and jm , concurrent formation of 4a 
and 47 was thought to involve a competitive disproportionation 









+ [PhCO J 20 
intramolecular 
transfer 
47 + MeOP02 
Scheme 18 
In order to test this possibility, anhydride 58 was 
independently prepared and heated for 195h at 70°C in 




ether; < -3o0c 
ether, ooc 
+ NMe 1+-o 2PCOMe) 2 
heat 
"'17 58 tF------.J 
Scheme 19 
To achieve this, a more sa tis :factory synthetic route to 56, 
using triethylamine as base and carrying out the reaction at 
very low temperature, was developed. 
Synthesis o:f 58 by con trolled hydrolysis 128, 129 yielded a 
non-distillable mixture, probably polymeric phosphates 
arising :from hydrolysis o:f 58 itsel:f. 
A:fter 7"'lh heating, two new doublets were observed, in the 1H 
nmr spectrum o:f the reaction mixture, corresponding to "'17; 
these increased in intensity until a:fter 195h 50% o:f the 
pyrophosphate diamide had been converted to 
phosphorodiamidat.e. Trans:fer o:f nitrogen :functional groups 
in a symmetrical diacyl system such as 58 was thus shown to 
be possible, but the rate o:f trans:Eer was slower than in 6a 
Ckrel = 5)+. Assuming that. the 9% "'17 determined by gc 
analysis was :formed entirely during t.he lh re:fl ux step, the 
rate o:f trans:fer in the pyrophosphate in the kinetic 
experiment was also slower than in the original synthetic 
t 
(12"1) 
experiment. However, the conditions under which the two 
reactions occurred were very di££erent: 58 was reacted as the 
pure compound in neutral solution, whilst £ormation o£ "17 £rom 
56 took place in the presence o£ acidic and basic species, 
and free chloride ion . It is possible that one or more o£ 
these species ca talysed either the disproportiona tion or 
intramolecular trans£er reaction. 
It is worth noting that at no other stage o£ the kinetic work 
was there any indication o£ £ormation o£ products similar to 
"17 £rom disproportionation o£ mixed phosphoric-carboxylic 
anhydrides. Schradan and similar pyrophosphoramida tes are 
known to be thermally stable130, implying a reluctance of 
nitrogen-containing phosphate diacyl systems to undergo 
disproportiona tion . 
6. 3 Reactivity o£ acyl dialkyl phosphates 
Part o£ our investigation into the reactions of 
phosphoramidate monoester monoanions with acyl chlorides 
involved determining whether the observed trans£er o£ 
functional groups £rom phosphoryl to carbonyl centre was 
specific to amino groups, or extended to the transfer of 
alkoxy groups to yield carboxyesters. For this purpose, 
acetyl dimethylphosphate C 59a) was synthesised by reaction 
between trimethyl phosphate and acetyl chloride in the 
presence o£ a catalytic amount of triethylamine (Equation 
37) 36, yielding upon distillation 59a, but con tam ina ted 
with trimethyl phosphate. 
(125) 
(Me0) 3PO + MeC(O)Cl 
MeO\ ~ 0 
----------------~ p 
/\ 
MeO 0- C(O)Me (37) 
59a 
Prolonged heating of this product mixture at ao0 c gave no 
indication of methyl acetate formation, whilst a lH nmr 
spectrum rtln after 6 months' standing at room temperature 
indicated the additional presence of only the 
disproportiona tion products, acetic anhydride ( 60a) and 
tetramethylpyrophospha te ( 61) . Benzoyl dimethylphospha te 59b, 
formed by reaction between dimethylphosphorochloridate and 
benzoic acid 127, also yielded 61 and benzoic anhydride 
60b on distillation (Equation 10). 
p(o) 
(Meo) S\oc co )R 
59 a, R = Me 
b, R = Ph 
60 a, R = Me 
b, R = Ph 
These findings were interpreted as confirming that transfer 
of ester functional groups from phosphoryl to carbonyl centre 
in a mixed anhydride system does not occur; a fully 
esterified system rather disproportionates to the symmetrical 
anhydrides. 
Although mentioned in the literature 19. 3"'i. 131 as a side 
reaction of mixed anhydride systems, usually observed on 
distillation, no systematic kinetic studies of 
disproportiona tion have been made. Having here a system 
which preferentially underwent disproportiona tion, we felt 
(38) 
that it would be possible and worth while to obtain sucl1. 
kinetic information. 
(126) 
Fresh S9a was synthesised from the tetramethylammonium salt 
of dimethylphosphoric acid and acetyl chloride (Equation 39), 
it being easier to obtain pure S9a by this method than that 
used previously. 
Solutions of the mixed anhydride substrate of known 
concentration (O.S-3.SM) were made up in different solvents 
(CDC1 3; CD 3CN; CCl"'i) and heated ("iS; SQ; 6S; 70°C). 
In all cases, two new signals were observed in the 1H nmr 
spectrum soon after initiation of reaction (o3. 7S, doublet; 
o 2. 0, singlet) , the intensities of which increased 
rapidly before attaining a maximum; thereafter, even on 
prolonged heating the system remained unchanged. It was not 
possible to obtain reliable rate data from these 
measurements. 
Since it was not clear whether the new methoxy group doublet 
(o3. 7S) arose from 61 (the disproportionation product) or 
dimethylphosphoric acid ( 62) formed by hydrolysis by traces of 
moisture, these compounds were synthesised (Equations "'iO and 
"'il) in order for comparisons to be made by 31p nmr 
spectroscopy with a reaction mixture obtained after heating 
S9a for 6"'ih at 600C in CDC1 3 (Figure 18). 









pyrophosphate, there is other polymeric phosphate rna terial, 
and a signdicant amount o:E hydrolysis product 62 present. 
We believe that the new signals in the lH nmr spectrum arise 
:from the products :formed on reaction o:E 59a with residual 
water in the solvents, and that this is the predominantJ 
reaction occuring (Equation 12). 
59a + H20 62 + MeC0 2H (-12) 
Such a process could also account :for the polyphosphate 
material observed, by reaction between 62 and 59a, or 62 and 
itsel:f. It seems there:Eore that in solution there is little 
or no disproportiona tion of acyl dialkyl phosphates, but 
rather reaction with any external nucleophile, followed by 
self-condensation. The reason for this may simply be a 
concentration effect: as a neat liquid 59a can, upon heating 
(or distillation) become sufficiently reactive to 
disproportionate in a bimolecular fashion, as has been 
proposed (Equation -13)23. 
(128) 
Figure 18: 300 MHz 31p nmr spectrum o:f reaction mixture 
obtained :from 59a ( 6"'ih; 60°C; CDCl 3 ). 
(Me0) 2P(O)OC(O)Me 
(MeO) 2p (0 )OH 






MeO-P=O \. 0 
A / 
0 J O=C 
~ ~" C=O Me 
61 + 60a (-43) 
/ 
Me 
Upon dilution, the electrophilicity and the nucleophilicity 
o'f the respective centres in 59 may not be high enough to 
drive the system towards the (certainly entropically 
un'favou_rable) bimolecular disproportiona tion process. 
6 . -4 <;oncl usion 
The varying evidence for disproportiona tion processes in 
mixed phosphoric -carboxylic anhydrides discussed here indicate 
that the process is not as straightforward as it first 
appears, and is seemingly dependent on the reaction 
conditions and on the nature of the reacting diacyl species . 
Further work, encompassing the e'f'fects o'f acids, bases and 
'free ions on the reaction, as well as concentration and 
substituents, may well allow the elucidation of a suitable 




7 . CONCL US! ON 
The aim o:f this investigation into the :functional group 
trans :fer reaction observed when phosphoramidic acid salts and 
acid chlorides were reacted together in neutral solution 5, 
and resulting in carboxy amide :formation, was to establish the 
reasons :for the apparent speci:ficity o:f reaction, and to 
elucidate the reaction mechanism. Whilst similar processes 
had been observed2"i • 25 this study represents the :first 
detailed, mechanistic investigation o:f the system, and 
incorporates a number o:f experimental and theoretical 
techniques available to the organic chemist. 
Initial experiments indica ted that only nitrogen -containing 
groups were trans:ferred :from the phosphoryl to carbonyl 
centre, regardless o:f the nature· o:f the substituents at 
nitrogen or the type o:f acid chloride used; no carboxyester 
:formation was ever observed. Reaction was shown to proceed 
with the initial :formation or a mixed phosphoric-carboxylic 
anhydride, when benzoyl methyl N ,N-dimethylphosphoramidate 
was isolated :from a reaction mixture and yielded N ,N-
dimethylbenzamide on heating in solution. This mixed 
anhydride was used as a model in :future experiments. 
Formation o:f the carboxyamide obeyed :first order kinetics, 
indicating an intramolecular trans:fer within the intermediate 
anhydride . From a series .o:f solvent , temperature and 
substituent e:f:fect studies, using 1H nmr spectroscopy to 
monitor the course o:f reaction, and in which only small rate 
(131) 
variations were observed, it was concluded that the reaction 
was concerted and proceeded with formation of an isopolar, 
four-centre transition state. This was in part confirmed by 
a study involving conformational e:f:fects: linking the amino 
and alkoxy substituents at phosphorus into a six-membered 
ring system caused a large reduction in the rate o:f nitrogen 
group trans :fer. Molecular mechanics calculations indica ted 
this arose partly :from un:ta vourable steric interactions in 
the transition state. Similarly, the crystal structure 
determination indicated a solid state structure signi:ficantly 
di:f:ferent to that required in the transition state, unlike 
other cases with adjacent electrophilic and nucleophilic 
centres10-1. 
Further support for the proposed mechanism was obtained :from 
MNDO molecular orbital calculations on a model system, which 
also provided an explanation :for the specificity o:f reaction. 
Only one energy minimum was obtained when either nitrogen or 
oxygen substituent trans :fer was considered, this 
corresponding to a :tour-centre structure, but the activation 
energy o:f the transition state :tor oxygen group trans:ter was 
11 kcalmol-1 greater than that for nitrogen group 
trans :fer. Analysis o:f the higher energy occupied orbitals 
revealed that in the latter case interactions giving rise to 
a stereoelectronic e:f:fect and causing P -N bond weakening were 
present; these were absent in the former transition state. 
Additionally, trans:fer o:f alkoxy groups was made un:favourable 
·by the relatively lower n ncleophilici ty o:f the trans:ferring 
(132) 
oxygen atom than nitrogen atom, and by destabilising 1,3-
orbi tal in teracuons. 
Using N-methylaniline as a trapping agent, the other product 
or reaction, monomeric methylmetaphosphate, was identi"fied. 
The large, negative entropy or activation observed ror 
reaction in acetone was attributed to speci"fic acid-base 
interactions between this electrophilic species and solvent, 
leading to adduct rormation60b and increased molecular 
ordering in the transition state. An analo,gous errect, 
leading to rate enhancements, was believed to occur when 
Lewis acids w·ere added: in this instance, tl1e incipient 
carboxyamide complexed with the catalyst65, so lowering 
the energy requirements ror product "formation and ra vouring 
the transrer process. 
A mechanism involving speciric, concerted, intramolecular 
nitrogen group transrer "from phosphoryl to carbonyl centre in 
mixed phosphoric-carboxylic anhydrides is thus proposed; 
"fragmentation to yield carboxyamide and monomeric 
methyl metaphosphate occurs via an isopolar "four-centre 
transition state. It has recently been observed that in 
acidic media, acylphosphonic acids rragmen t with alkoxy group 
transrer to give carboxyesters and derivatives or phosphenous 
acid, HOPo132_ Since quan turn mechanical calculations 
indicate intermediate "formation or dialkylphosphite and acyl 
cation, the possibility that transrer occurs within a mixed 
phosphorus-carboxylic anhydride, "formed by recombination or 
the intermediates, is being in vestig a ted133 (Equation "!"!). 
(133) 
Such a process would be directly analagous to the reaction 
investigated here. 




An alternative reaction available to mixed anhyG.ride systems 
- disproportionation to the two symmetrical anhydrides, was 
also investigated, primarily because in some instances such a 
("'!"'!) 
process was the only one which could account ror the observed 
products. The systems considered gave varying evidence or 
the ease with which this supposedly racile and common 
reaction occurs19,2"'1. 
In the presence or triiluoroacetic anhydride, benzoyl methyl 
N , N -dimeth ylphosphoramida te underwent competitive 
disproportionation to yield two new mixed anhydrides, the one. 
or which (methyl trirluoroacetyl N ,N-dimethylphosphoramidate) 
underwent rapid nitrogen group transrer to yield N ,N-
dimethyl triiluoroacetamide. Tetramethylpyrophosphate, on 
the other hand, was not observed when acetyldimethylphosphate 
was heated in solution ror prolonged periods, although there 
was evidence ror disproportionation when the mixed anhydride 
was distilled. Work done on dimethyl N ,N ,N' ,N'-
tetramethylpyrophosphorodiamida te implied that its rorma tion 
by disproportionation or benzoyl methyl N ,N-dimethylphosphoramidate, 
and subsequent rearrangement to methyl N ,N ,N' ,N'-tetramethyl 
(13-4) 
phosphorodiamidate, was in-fluenced by the presence o£ ionic, 
acidic and basic species. 
Since there have been very £ew23 thorough studies o£ the 
disproportiona tion reaction, and in view o£ its apparent 
sensitivity to reaction conditions, it would be o£ interest 
to investigate this reaction in more detail, and in so doing 






All solvents and commercial reagents were purified and dried 
by conventional methods before use. 1H nmr spectra were 
recorded on Varian 60MHz EM360 or 200MHz XL200 and Bruker 
80Mhz WP80, 90MHz WH90 or 300MHz AC300 spectrometers at the 
Universities o£ Cape Town and Pretoria, with TMS or DDS as 
internal standards. 31p nmr spectra were recorded on the 
Varian 200MHz XL200 spectrometer at UCT and on a Bruker 
500MHz WM 500 spectrometer at the C. S. I. R. , using 
H3P0 1 or (MeO) 3P (0) (TMP) as external standards. 
Aluminium-backed silica-gel plates (Merck, Kieselgel 60 
F251) were used £or t.l.c., and silica-gel (Merck, 
Kieselgel 10) £or column chromatography. Gas chromatography 
was per-formed on a Carlo Erba 1200 gas chromatograph, using a 
2m-column packed with 3% silicone SE-30 on 100/120 mesh Gas 
Chrom Q, and He as carrier gas. The column was conditioned 
overnight at-- 190°C. Injection and detection (F .I .D.) 
temperatures o£ 25ooc were used , and the internal 
standard was n-propyl benzoate. Analyses £or C, Hand N were 
carried out at U .c. T. and the C .S .I .R. The crystal structure 
was determined at U .C. T., M .0. calculations at Imperial 
College , London , and molecular mechanics calculations at 
Pretoria University. 
/ 
2) SYNTHESIS OF REAGENTS AND SUBSTRATES 
Methylphosphorodichloridate MeOP(O)Cl 2 , 63 
was synthesised by the addition of methanol to POCl;3. 
71% .. bp 66-700C/22mm. 1H nmr (CDC1 3 ): o1.05 
(d, JHp16. 9Hz). 
Dimethylphosphorochloridate, (MeO) 2P (0 )Cl, 61 
was synthesised131 from PC1 3 , MeOH and so 2c1 2 : 
63%. bp. 15oC/2mm (lit. bp 55-57oC/ 2-3mm). 1H 
nmr (CDCl3): 63.98 (d, JHP 11Hz). 
Dimethyl N-alkyl-and N ,N-dialkyl-phosphoramidates, 
~a, dimethyl N,N-dimethylphosphoramidate, R = R1 =Me, 
was synthesised 35 by passage of excess Me 2NH through a 
solution of 61 (15.5g; 0.101 mol) in ether (150ml) at ace. 
(136) 
Solids were removed by filtration, the filtrate washed with 
water (50ml) and solvent evaporated from the organic portion. 
J,a was obtained by distillation of the residue. 55%, bp 
62oC/"fmm (lit. bp 72oC/11mm). 1H nmr. (CDC1 3 ): o 2.75 
(6H, d, JHP 10Hz, NMe 2 ); 3.72 (6H, d, JHP 11Hz, OMe). 
Anal. calc. for c 1H 12N03P: C, 31.1; H, 7.8; N, 9.15%. 
Found: C, 30.7, H, 7.~ N, 8.9%. 
Dimethyl N -alkylphosphoramidates were synthesised 135, 136 by 
addition of the relevant amine ( 2 mol-equivalents) to 6"1 in 
ether, followed by filtration, washing of ethereal solution 
with water, and removal o"f solvent. 1H nmr (CDC1 3 ): 
j,b, dimethyl N-ethylphosphoramidate, R = Et; R 1 = H: 
C\ 1.12 (3H, t, JHH 7Hz, Me); 2.97 (3H, m, CH2 and 
NH); 3.66 (6H, d, JHp11Hz, OMe); j,c, dimethyl N-iso-
propylphosphoramidate, R = i-Pr; R1 = H; C\ 1.18 (6H, 
d, JHH 7Hz, 2 x Me); 3.30 (lH, m, CH); 3.69 (6H, d, 
JHP 12Hz, OMe ); j,d, dimethyl N-t-:butylphosphoramidate, 
R = t -Bu; R 1 = H; C\ 1. 28 ( 9H, s, 3 x Me); 3. 70 ( 6H, 
d, JHp11Hz, OMe). 
(137) 
j,e, dimethyl N, N -di -isopropylphosphoramida te, R = R 1 = i -Pr 
a: A solution of 6"'1 (5.0g; 35mmol) in benzene (20ml) was 
added to a stirred, cooled C 100c) solution of 
NH (iPr) 2 C 3. 5g; 35mmol) and Et 3N C "'l. Og; "'lOmmol) 
in benzene C 80ml). After "'lh stirring and overnight 
standing, precipitated solids were removed by filtration 
and solvent removed from the -til tra te, yielding an oily 
mixture of products arising from both nucleophilic 
attack by secondary amine and demethylation by tertiary 
amine. 
b: A solution of 6"'1 C 5. Og; 35mmol) in ether C 15ml) was added 
slowly to a solution of NH (iPr) 2 C 7. Og; 70mmol) in 
ether (lOOml) at room temperature, and stirred for "'l.5h. 
An additional amount of amine ( 5. Og; 50mmol) was then 
added and the solution refl uxed for 2h and left standing 
overnight. After filtration and evaporation of solvent 
an oily mixture of products and substrates was obtained. 
(138) 
Attempts to purify this mixture by column chromatography 
were unsuccessful. 
c: NH (iPr) 2 ( 20. 2g; 0. 20mol) was dissolved in ether 
C 50ml) and added to a cooled solution of POC1 3 
( 15 .1g; 99mmol) in ether ( 100ml). After 1h stirring, 
solids were removed by filtration, washed with ether and 
the combined filtrates washed with water ( 50ml) . 
Removal of solvent from the organic phase yielded an 
impure mixture, containing hydrolysis products, which 
could not be purified . 
Tetramethylammonium phosphates, NMe.t-o 2PCOMe)NRR1, ?-· 
Ester 1 (13mmol) was dissolved in MeCN (8-10ml) and a 
standardised solution of Me 3N in MeCN (3-"'i mol-
equivalents) added. The mixture was sealed in a glass tube 
and heated at 8ooc overnight. On cooling, the 
precipitated salt was separated by filtration, washed with 
cold MeCN, and dried and stored under vaccuum. ?-a, R = 
3.21 (12H, s, NMe-4+); 3.51 (3H, d, JHp10Hz, OMe). 
Found: c, 39.05; H, 9.85; N, 14.3%. 
_?b, R = Et; R1 = H; 1H nmr (D 20): 6 1.09 (3H, t, JHH7Hz, Me); 
2.82 (2H, m, CH 2 ); 3.18 (12H, s, NMe 4+); 3.45 (3H, d, JHp10Hz, OMe). 
( 6H, d, J HH 3Hz, 2 x Me); 2. 88 ( 1H, m, CH ); 3. 15 
(12H, s, NMe .. ,t); 3. 75, (3H, d, JHp11Hz, OMe). 
(9H, s, 3 x Me); 3.20 (12H, s, NMe .. ,t); 3.70 
( 3H , d , J HP 11Hz , OMe) . 
Tetramethylammonium dimethylphosphate, 
6 3.18 (12H, s, NMe .. ,t); 3.55 (6H, d, JHp11Hz, s, OMe). 
' ' N ,N ,N ,N -tetramethylphosphorodiamidochloridate, 
POC1 3 (55 .1g; 0. 36mol) in ether ( 210m1) to a cold C -30°C) 
solution o:f Me 2NH (69g; 1 ~53 mol) in ether (240ml) 
dropwise over . 4h. A:fter standing overnight, solids were 
removed by :filtration, solvent evaporated and product 
obtained by distillation. 88%. bp 760C/O. 6mm. 1H nmr 
(139) 
(CDCl3) :6 2. 70 (d, JHp13Hz). Anal. calc. :for C4H12ClN20P: 
C, 28.15; H, 7.0; N, 16.4%. Found: C, 28.8; H, 7.4; N, 16.8%. 
Methyl N, N, N', N' -tetramethylphosphorodiamida te, 
(Me 2N) 2P(O)OMe, 47 was prepared138 by adding a 
solution o:f 46 ( 15. 5g; 90mmol) in MeOH ( 130ml) to a solution 
o:f Na ( 2. lg; 90mmol) in MeOH ( 80ml) . A:fter completion or 
addition , the mixture was re:fl uxed £or 0. 5h , cooled , solids 
:filtered orr and washed with MeOH, and :filtrates combined. 
(140) 
The residue after removal of solvent was redissolved in 
CHC1 3 (130ml) and washed with water (2 x 25ml; 1 x 10ml). 
Product was obtained by distillation after removal of 
solvent. 4"1%. bp "i6-"iB°C/0.5mm. 1H nmr (CDC1 3 ): 
6 2.65 (12H, d, JHp10Hz, NMe 2 ); 3.60 (3H, d, JHp11Hz, OMe). 
Anal . calc . 'for G5H 15N 20 2P : c , 36. 1; H , 9 . 0; N , 16. 9%. 
Found: C, 3"1.~ H, 9.Q N, 15.9%. 
Tetramethylammonium N ,N ,N
1 
,N' -tetra-
48 wa~s synthesised by the addition of "16 ( 3. 78g; 22mmol) to a 
cooled solution o'f NMe "i+oH- ( 1 7ml , 2. 5% aq . solution; 
70mmol). After 3h,water was removed by evaporation and 
azeotropic distillation with benzene to yield a crystalline I 
hygrosopic solid (equimolar "18 and NMe"i+cl -). 
99%. 1H nmr CD 20): 6 2.5 (12H I d, JHp10Hz, NMe); 
3.10 (2"iH, s, 2 x NMe"i+). Anal. calc. for C12H36N"i02PCl: 
C, "i3.Q H, 10.8, N, 16.7%. Found: C, "12.5; H, 11.1; N, 15.7% . 
. . 
Dimethyl N-methyl-N-arylphosphoramidates, 
(Me0)2P(O)NMeAr, 1 i-1. 
Dimethyl N -methyl-N -phenylphosphoramida te, 1i; dimethyl N-
methyl-N-(p-methoxyphenyl)-phosphoramidate, 1J were 
synthesised by adding 6"1 in benzene to a solution of the 
corresponding aniline 18 C 1 . 5 mol-equivalents) and Et 3N C 1 . 1 
mol-equivalents) in benzene. After 3h stirring at o 0 c 
and overnight standing solids were removed by filtration, and 
the filtrate washed with aq. KOH solution ( 3 x 15ml; pH 9). 
(1~1) 
The organic portion was dried over Mgso 1 and solvent 
evaporated yielding 1i and _!j as oils. 
_!i,Ar =Ph; ~2%. 1H nmr (CDC1 3 ): o 3.22 (3H, d, JHp9Hz, NMe); 
3.77 (6H, d, JHp11Hz, 0Me);.6.55-7.50 (SH, br s, Ph). 
(3H, d, JHp10Hz, NMe); 3. 72 (6H, d, JHp12Hz, OMe); 
3.75 (3H, s, ArOMe); 6.11-7.11 ("iH, d o:f d, C6H 1 ). 
Dimethyl N -methyl-N- (p -chlorophenyl) -phosphoramida te , _!k ( Ar 
= p-Cl-C6H 1 ) was synthesised in two steps. 
i) · N -methyl-p-chloroanilinium chloride ( 2. "iSg; 11m mol) was 
dissolved in POC1 3 C "i. 1 1g; 27mmol) and re:fl uxed :for 
1h139. Excess POC1 3 was removed by evapor~tion to 
yield N -methyl-N -(p -chlorophenyl) -phosphoramidodichlorida te, 
Cl 2P(O)N(Me)C 6H 1 -p-Cl. 99%. 1H nmr 
(CDC1 3 ): d 3.30 (3H, d, JHp11Hz, NMe); 7.50 
( 1H , m , C 6H 1) . 
ii) A solution o:f the dichlorida te ( 3 . 6g; 11m mol) in MeOH 
(70ml) was added to a solution o:f Na (0.65g; 28mmol) in 
MeOH C SOml) . The mixture was re:fl uxed :for 1h , then 
solvent evaporated and the residue redissolved in 
CHCl3 (SOml). A:fter washing with water (3 x 10ml), 
solvent was evaporated :from the organic phase, yielding 
1k . 53%. 1H nmr (CDCi3): o 3. 22 ( 3H, d, JHp9Hz, NMe ); 
3.75 (6H, d, JHp12Hz, OMe); 7.33 (~H. m, C 6H 1 ). Anal. cal·c. 
I 
------------~--- ----------- . _____________ ___j 
(1"!2) 
Found: c, "!3.~ H, 5.~ N 1 5.8%. 
Dimethyl N -methyl-N-(p-tri:fluoro-methylphenyl)-
synthesised in three steps. 
i) p -Tri:fluoromethylanilini urn chloride ( 5. 6g; 28mmol) was 
dissolved in POC1 3 C 12. 9g; 85mmol) and re:fl uxed :for 
"!h. Excess POC1 3 was removed by evaporation and 
yellow crystals o:f N- (p-tri:fluoromethylphenyl)-
phosphoramidodichloridate obtained. 89%. mp 90-92°C. 
1H nmr (CDC1 3 ); o 7. 30 ( 2H I d, JHp8Hz, 2, 6-H ); 
7. 53 ( 2H, d, JHH8Hz, 3, 5-H). Anal. calc. :for C7HsCl2F3NOP: 
c , 30. 2; H , 1 . 8; N , 5 . ox. Found : c I 30. 7; H , 2. 9; N I 5 . 1 x. 
ii) The dichloridate ( 7. Og; 25mmol) was dissolved in MeOH 
( 130ml) and added' to a solution o:f Na ( 1. 3g; 58mmol) in 
MeOH C 90ml) I and the solution re:fl uxed :for · 2h . A :fter 
removal o:f solvent the residue was redissolved in 
CHC1 3 (90ml) and washed with water (3·X 25ml). The 
aqueous phase was extracted with CHCl3 C 30ml) , and 
the combined organic portions evaporated to yield 
dimethyl N -(p -tri:fluoromethylphenyl) -phosphoramida te I 
·, 
lH nmr (CDC1 3 ): o 3. 79 ( 6H, d, JHpll. 6Hz, OMe ); 
7.08 (2HI d, JHH8.7Hz, 2,6-H); 7.51 (2HI d, JHH8.7Hzl 3,5-H). 
(1""l3) 
Found: C, 10.~ H, 3.~ N, 5.3%. 
iii) The phosphoramida te C 4. Og; 15mmol) was dissolved in THF 
C 50ml) and added to a suspension or NaH (0. 865g, 80% w/w 
in oil; 29 mmol) in THF C 20ml). Arter cessation or H 2 
evolution, ·Me 2SO 4 C 1. 9g; 15mmol) in THF ( 20ml) 
was added, and the mixture stirred overnight. Arter 
ril tering orr solids and removing solvent , the residue was 
redissolved in CHC1 3 (80ml) and washed with water 
C 3 x 20ml). The organic portion yielded 1,1 as an oil. 73%. 
1H nmr (CDC1 3 ): o 3.25 (3H, d, JHp8.5Hz, NMe); 3.74 
(6H, d, JHp11.6Hz, OMe); 7.33 (2H, d, JHH10.5Hz, 2,6-H); 
7.57(2H, d, JHH10.5Hz, 3,5-H). Anal. calc. "for C1oH 1 3F3N03P: 
C, 42.~ H, 4.~ N, 4.9%. Found: C, 42.~ H, 4.~ N, 5.0%. 
Tetramethylammonium methyl N-methyl-N-arylphosphoramidates, 
same way as 2a-d. 
2i Ar =Ph; 42% lH nmr (D 20): o 3.03 (3H, d, JHp9Hz, NMe); 
3. 20 ( 12H , s , NMe 4+ ); 3. 53 ( 3H , d , J HP 11Hz, OMe ); 
7.00-7.50 (5H, m, Ph). Anal. calc. "for c1 2H23N203P. 0.5 H20: 
C, 50. 9; H, 8. 5; N, 9. 9%. Found: C, 50. 75; H, 8. 35; N, 10. 15%. 
o 3.03 (3H, d, JHp9Hz, NMe); 3.20 (12H, s, NM:e4+-); 
3.55 (3H, d, JHp11Hz, OMe); 3.85 (3H, s, ArOMe); 6.90-7.55 
C, 45. 85; H, 8. 5;. N, 8. 2% . Found: C, 45. 85; H, 8. 9; N , 8. 7%. 
6 3.02 (3H, d, JHp9Hz, NMe); 3.22 (12H, s, NMe"'f+); 
3.50 (3H, d, Jffp11Hz, OMe); 7.12-7.40 ("'fH, m, C6H4). 
Anal. calc. "for c 1 2H22ClN203P: c, "'f6. 75; H, 7 .1; 
N, 9.1% Found: C, 46.5; H, 7.15; N, 9.1%. 
6 3.18 (12H, s, NMe.<f+); 3.19 (3H, d, JHp7.9Hz, NMe); 
(1"'f"'f) 
3."'f9 (3H, d, JHp11.3Hz, OMe); 7."'f0 (2H, d, JHH8Hz, 2,6-H); 
7.65 (2H, d, JHH8Hz, 3,5-H). Anal. calc. "for c 1 3H22F3N203P: 
C, 45. 6; H, 6. "'f;, N, 8. 2%. Found: C, 45. 7; H, 6. 3; N, 8. Q%. 
N-methyl-2-methoxy-2-oxo-1,3,2-oxazaphosphorinane, 
C o, ~o p~ NMe,...... 'oMe , 40 was synthesised in 2 steps. 
i) A solution of: 63 (8.3g; 56mmol) in cH: 2c1 2 (10ml) 
was added to a cooled, stirred solution of: 3-amino-
propanol ( 4. 2g; 56mmol) and Et 3N ( 11 . 3g; 0. 112mol) 
in CH 2Cl2 (100ml) . Arter 6h stirring at 
OOc, the mixture was le"ft overnight, then "filtered 
and the "filtrate washed with water C 2 x 15ml) . The 
aqueous portions were extracted with CH2Cl2 
( 10ml) and organic portions combined and evaporated. 
The residue was redissolved in CC1 4 C 2ml) and 
precipitated solids removed. Arter removal of: solvent, 
2-methoxy-2-oxo-1,3,2-oxazaphosphorinane was obtained. 2"'f%. 
(115) 
1H nmr (CDCl3): 6 1.55-2.15 (2H, m, CH 2 ); 
3.10-3.50 (2H, m, NCH2); 3.70 (3H, d, JHp12.5Hz, OMe); 
3. 93 C 1H, 6s, NH ); 1. 20-4. 50 C 2H, m, OCH 2 ) . Anal. calc. :for 
C4H 10N0 3P.0.1C 6H 16ClN: C, 33.52; H, 7.04; N, 9.35%. 
Found: c, 33. 40; H, 7. 05; N, 9. 05%. 
ii) 2-methoxy -2-oxo -1, 3, 2-oxazaphosphorinane ( 2. Og; 13m mol) 
in THF C 20ml) was added to a suspension o"f NaH C 0. 68g , 
50% w/w in oil, 11mmol) in THF C 20ml). A"fter lh 
stirring, evolution o"f H 2 had stopped, and 
Me2so 4 (1.65g; 13mmol) in THF (10ml) was added. 
The mixture was stirred "for 3h, and le"ft standing "for a 
"further hour. A:fter :filtration and removal o"f solvent 
the residue was puri"fied by column chromatography, using 
4:1 CH3Cl :Et 3N as eluant. 40 was obtained in 31% 
yield. 1H nmr (CDCl3): 6 1.60-2.30 (2H, m, CH2); 
2.68 (3H, d, JHp12Hz, NMe); 2.90-3.20 (2H, m, NCH 2 );-
3.68 (3H, d, JHp12.5Hz, OMe). 4.10-4.10 (2H, m, OCH2). 
Anal . calc . :for c 5H 1 2NO 3P : c , 36. 37; H , 7. 32; N , 8. 48%. 
Found: c, 36.60; H, 7.35; N, 8.10%. 
The salt was prepared in the same way as salts 2. 69%. 
1H nmr (D20): 6 1.70-1.90 (2H, m, CH2); 2.47 
(3H, d, JHp12.6Hz, NMe);2.85-3.05 (2H, m, NCH2); 3.20 
(12H, s, NMe 4+); 4.15 (2H, d o"f t, JHp12. 7Hz, JHH6. 2Hz, OCH2). 
(116) 
N-methyl-2-chioro-2-oxo-1, 3, 2-oxazaphospholidin 
[
0-
':::- P (0 )Cl, 12 
.-NMe · 
POCl3 (16.-<fg; 0.11mol) in dioxane (30ml) was added slowly 
to 2- (methylamine) -ethanol C 8. 1g; o. 11mol) and Et 3N ( 21. 7g; 
0. 215mol) in dioxane ( 150ml) and stirred. :for lh 103. The 
mixture was :filtered and solvent removed :from the· combined 
:filtrates. Attempts to remove contaminating Et 3NHCl were 
unsuccess:ful, and the product decomposed on distillation. 




N -methyl-2-methoxy -2-oxo -1, 3, 2-oxaza -phospholidin Co. 25g; 
1.6mmol) was dissolved in MeCN (8ml) and Me 3N added (Sml, 
as 3 .1M solution in MeCN). The mixture was sealed in a glass 
tube and heated at 6ooc :for 18h. Evaporation o:f solvent 
yielded a small amount o:f salt insu:f:ficien t :for iden ti:fica tion 
or· :further reaction , and other products arising :from ring-
opening reactions . 
Acyl methyl N ,N-disubstituted phosphoramidates, 
MeO(NRR1)P(O)OC(O)R2, § 
Acyl chloride, R 2cocl, in MeCN ( 15-20ml) was added to the 
relevant tetramethylammonium phosphate, NMe 1+ -o 2P ( NRR 1 )OMe 
( 1 . 3 mol-equivalents) in MeCN ( 20-.<fOml) and the mixture 
stirred :for 3h at room temperature. 
~~~~-----·--· -------~~~------
(147) 
After removal of solids and evaporation of solvent, the 
residue was redissolved in a minimum volume of cc1.1; 
precipitated solids were removed by filtering through cot ton 
wool. On evaporation, § was obtained, usually as an oil. 
§a, benzoyl methyl N,N-dimethylphosphoramidate, R = R1 = 
-----------------------------------------------------------
Me; R2 =Ph; 72%. 1H nmr (CDCl 3 ): o 2.80 
(6H, d, JHp11Hz, NMe 2 ); 3.90 (3H, d, JHp12Hz, OMe); 
7.45 (3H, m, 3,4,5-H); 8.10 (2H, m, 2,6-H). Anal. calc. for 
C10H14N04P: C, 49.4; H, 5.8; N, 5.8%. Found: C, 49.05; 
H , 5 . 6; N , 5 . 7%. 
§f, p-methoxybenzoyl methyl N,N-dimethylphosphoramidate, R = 
(6H, d, JHp11Hz, NMe2); 3.85 (3H, s, ArOMe); 3.88 
(3H, d, JHp11Hz, OMe); 6.95 (2H, d o:f d, JHH10Hz, 3,5-H); 8.05 
(2H, d o:f d, JHH10Hz, 2,6-H).Anal. calc. for C11H16N05P: 
C, 48. 4; H, 5. 9; N, 5. 1%. Found: C, 47. 75; H, 6. 2; N, 5. 05%. 
§g, p-chlorobenzoyl ~ethyl N,N-dimethyl phosphoramidate, 
o2. 78 ( 6H, d, JHp11Hz, NMe2); 3. 85 ( 3H, d, JHp12Hz, OMe ); 
7.35 (2H, d, JHH10Hz, 3,5-H); 8.00 (2H, d, JHH10Hz., 2,6-H). 
Anal. calc. ·:for c 1 oH 13clN0 4P: C, 43.2; H, 4.7; N, 5.0%. 
Found: C, 43. 2; H, 4. 85; N, 5. 2%. 
§h, p-nitrobenzoyl methyl N,N-dimethylphosphoramidate, R = 
R1 = Me; R2 = p-No 2 -c 6H 4; 1H nmr (CDCl3): 
o 2.80 (6H, d, JHp11Hz, NMe2); 3.92 (3H, d, JHp12Hz, OMe); 
(148) 
C, 41. 7; H, 4. 5; N, 9,8%. Found: C, 41. 8; H, 4. 8; N, 9. 8%. 
§i, benzoyl methyl N-methyl-N-phenyl-phosphoramidate, R = 
(3H, d, JHp10Hz, NMe); 3.91 (3H, d, JHp12Hz, OMe); 
7.00-8.30 (lOH, m, 2 x Ph). Anal., calc. for C15H16N04P: 
C, 59. 0; H, 5. 2; N, 4. 6%. Found: C, 58. 8; H, 5. 35; N, 4. 65%. 
§J, benzoyl methyl N-methyl-N-(p-methyloxyphenyl)-
phosphor am ida te , R = Me; R 1 = p -MeO -c 6H 4 , R 2 = Ph; 8 4%. 
lH nmr (CdC1 3 ): 3.22 (3H, d, JHplOHz, NMe); 3.73 
(3H, s, ArOMe); 3.88 (3H, d, JHp12Hz, OMe); 6.60-8.12 (9H, m, ArH). 
Anal. calc. 'for c 16H 18No 5P: c, 57.3; H, 5.4; N, 4.2%. 
Found: c, 57.Q H, 5.~ N, 4.2%. 
§k, benzoyl methyl N-methyl-N-(p-chlorophenyl)-
---------------------------------------~------------
lH nmr (CDC1 3 ): o 3. 30 ( 3H, d, JHp10Hz, NMe ); 
3.98 (3H, d, JHp12Hz, OMe); 7.10-8.30 (9H, m, ArH). 
Anal. calc. for c 15H 15clN0 4P: c, 53.1; H, 4.4; N, 4.1%. 
Found: C, 52.45; H, 4.55; N, 4.15%. 
§l, benzoyl methyl N-methyl-N-(p-tri'fluoromethylphehyl)-
lH nmr (CDC1 3 ): o 3.37 (3H, d, JHp9.6Hz, NMe); 
3.96 (3H, d, JHp11.6Hz, OMe); 8.00-9.53 (9H, m, ArH'). 
Anal. calc .. for c 16H 15F 3No 4P: C, 51.5; H, 4.0; N, 3.75%. 
(149) 
Found: C, 45. 25; H, 5. 01; N, 1. 51 X. (Poor microanalysis 
probably related to trace amounts of NMe+cl- in sample, 
which do not affect transfer reaction) . 
Other mixed anhydrides were made similarly from the relevant 
salt and acid chloride : 
19, benzoyl N ,N ,N' ,N' -tetramethylphosphorodiamidate, 
(12H, d, Jflp11Hz, NMe2); 7.60 (3H, m, 3,1,5-H); 8.20 
( 2H , m , 2 , 6-H ) . 
39, N-methyl-2-benzoyloxy-2-oxo-1,3,2-oxazaphosphorinane, 
(2H, m, CH 2 ); 2.90 (3H, d, HHp12.5Hz, NMe); 2.95-3.15 
(2H, m, NH 2 ); 1.10-1.60 (2H, m, OCH 2 ); 7.50 
(2H, t, JHH5Hz, 3,5-H); 7.65 (1H, t, JHH5Hz, 1-H); 8.12 
(2H, d, JHH5Hz, 2,6-H). Anal. calc. for C10H14N01P: 
C, 51. 76; H, 5. 80; N, 5. 76X. Found: C, 50. 80; H, 5. 50; N, 5. 75X. 
59b, benzoyl dimethylphosphate, (Meo) 2P co )OC co )Ph; 97X. 
1H nmr (CDC1 3 ): 6 3.95 (6H, d, Jflp12Hz, OMe); 
7. 45 ( 3H, m, 3,1, 5-H ); 8.10 ( 2H, m, 2, 6-H) . Anal. calc. for 
(150) 
59a, acetyl dimethylphosphate, (Meo) 2PCO)OC(O)Me; 22%. 
(i) lH nmr (CDC1 3 ): o 2.27 (3H, d, JHp2Hz, Me); 
"1.00 (6H, d, JHp12Hz, OMe). 31p nmr (CDC1 3 ): o-5.32. 
Anal. calc. for c "!H 9o 5P: c, 28. 6; H, 5. "!%. 
Found: c, 28.~ H, 5.9%. 
(ii) 127 (MeO) 3P CO) ( 7. 7g; 55mmol), MeCOCl ( 2. 8g; 35mmol) 
and 3 drops of Et 3N were heated under reflux for 22h. 
The product mixture was then distilled. bp 50-
53°C/1mm. The distilled product was contaminated 
with (Me0)3P(O). 
§m, trifluoracetyl methyl N,N-dimethylphosphoramidate, 
R =R 1 =Me; R 2 =CF 3 , was synthesised by addition of 
(CF 3CO) 20 C 2. 6w,1; 0. 02mmol) to a suspension of ?a 
C 3. 9mg; 0. 02mmol) in CD 3cN C 0. 6ml) and reacted in 
situ (Chapter 6, 6 .1.1). 1H nmr (CD 3cN): o2. 75 
(6H, d, JHp10.8Hz, NMe2); 3.85 (3H, d, HHp11.8Hz, OMe). 
Methyl N, N-dimethylphosphoramidochloridate, 
MeO(Me2N)P(O)Cl, 56. 
(i) 63 C 6. 8g; 50mmol) was added to a solution of Me 2NH 
( "1 . 2g; 90mmol) in ether ( 50ml) with cooling C- 30°C) , 
and stirred for 1h. After warming to room temperature, 
the reaction mixture was filtered and solvent removed 
under reduced pressure yielding 56, but contaminated 
·with Me 2NH2+cl-. 
(151) 
(ii) A solution of Me 2NH (35ml, 0.327M in et~her; 11 mmol) 
and Et 3N ( 1. 2g; 12mmol) in ether was adde(l to a 
cooled ( -3ooc) solution of 63 C 1. 8g; 12mmol) in ether 
( 25ml) . After 2. Sh, the mixture was allowed, to warm to 
room temperature, solids were filtered off and solvent 
removed from the filtrate. The yellow liquid obtained 
was distilled to yield 56. 17. sx. 1H nmr (CDCl3): 
62.66 (6H, d, JHp13.6Hz, NMe 2 ); 3.79 (3H, d, JHp13.1Hz, OMe). 
N, N -dimethylcarboxyamides, RCONMe 2 , j. 
ja, N,N-dimethylbenzamide, R =Ph, was prepared12 by 
adding PhCOCl ( 9. 8g; 70mmol) to a cooled solution of NMe 2H. HCl 
(S.Og; 60mmol) in 8% aq. NaOH solution (95ml). After O.Sh, 
the mixture was extracted with benzene (3 x 30ml) and solvent 
removed from the organic portion, yielding white, crystalline 
\ 
( 6H, bs, NMe 2 ); 7. 3 ( SH, s, Ph) . Anal. calc . for C 9H 11 NO: 
C, 72. 5; H, 7 .1; N, 9.1%. Found: C, 72. 6; H, 7. "'!; N, 9.1%. 
jm, N -:-N -dimethyl trifl uoroacetamide, R = CF 3 , was 
synthesised 12 by the dropwise addition of (CF 3co) 2o 
C 15g; 7. 1m mol) in CH 2c1 2 C 20ml) to a cold, saturated 
· solution of Me 2NH in CH 2c12 C SOml) . After 3h stirring , 
the reaction mixture was washed with 5% aq .. NaHCO 3 solution 
C 3 x 15ml) , and solvent removed from the organic portion. 22%. 
1 H nmr (CDCl3). o 3.06 (3H, d, JHF0.68Hz, NMe); 
3.15 (3H, q, JHF1.48Hz, NMe). 
(152) 
Pyrophospha tes, CMeO (R )PO J 20. 
58, dimethyl N ,N ,N'N' -tetramethyl-pyrophosphorodiarnidate, R = NMe2. 
A solution of 56 ( 0. 7g; "!. 5mmol; made by (ii)) in ether 
( 15ml) was added over 0. 5h to a cooled suspension of .fa 
( 1 . 1g; 5. 1mmol) in ether ( 15ml) . Reaction was continued for 
1h at ooc and 2h at room temperature , then solids were 
filtered and solvent removed from the filtrate. 53%. 1H nmr 
CCJ?Cl3): c5 2.70 (12H, d, JHp13.7Hz, NMe); 
3. 83 ( 6H, d, JHp13. "!Hz, MeO). 
61, tetramethylpyrophospha te, R =OMe. 6"! ( 3. 65g; 25rnmol) 
and (Me0) 3P(O) (17.5g; 0.125ml) were heated at 1500C for 
2h, and the mixture then fractionally distilled so as to 
remove excess (Me0) 3P(O). 63%. bp 1280C/1rnrn. 1H nmr (CDC1 3 ): 
c5 3.77 (d, JHp11HZ, MeO). 31p nmr (CDC1 3 ): c5 -9.82. 
Anal. calc. for C"!H 1 207P: C, 20.5; H, 5.1%·. 
Found: c, 20. "!5; H, 5. 7%. 
Dimethylphosphoric acid, (MeO) 2 P (0 )OH, 62 was 
synthesised by the addition of water (0 .15g; 8. 3rnmol) to 64 
(0.6g; 5mmol), and stirring for 18h. 38%. 1H nmr (CDC1 3 ): 
c5 3.73 (6H, d, JHp11Hz, OMe); 11.12 (1H, s, OH). 31p nrnr 
(CDCl3): c5 3. 25 Anal. calc. for c 2H 70"!P .H20: 
C, 16. 7; H, 6. 3%. Found: c, 16. 5; H, 5. 7%. 
(153) 
3) REACTIONS 
Reaction between tetramethylammonium phosphates 5 and 
-------------------------~-------------------~---------
acyl chlorides . 
Acyl chloride , R 2cocl (R 2 = Me, Ph; 1mol-equi valent) 
was added to a suspension of 2 in MeCN C 10-15ml), and the 
mixture refluxed for 1h. After cooling, solids were removed 
by filtration, washed with MeCN, and solvent removed from the 
combined filtrates. The residue was examined by 1H nmr, 
and each time indicated formation of only carboxyamide, 
R 2c (0 )NRR 1, which was identified by comparison wi t:t:l 
literature nmr data38. 
Rate measurements. 
In a typical experiment, mixeQ. anhydride § ( 20j.J.l )_ was 
dissolved in deuterated solvent (0 .1ml) in an nmr tube, the 
tube was sealed and then incubated in a thermostatted 
waterbath at the required temperature ( o.soc). Progress 
of reaction was monitored by 1H nmr, using the ratio o:f 
the N-methyl signal integrals from substrate and product 
(Chapter 2, 2.3) to calculate the percentage o:f product 
present at any time, and then inserting these values into the 
first-order rate law. Reactions were followed to ca 70% 
completion, and gave linear plots with r> 0. 990. As far as 
possible, the same substrate batch and solvent bottle were 
used in comparative studies, and such experiments were 
carried out simultaneously. 
,;o• 
(151) 
Reaction of methyl N, N -dimethylphosphoramidochlorida te 56 
with benzoic acid 12 7 . 
56 (2.0g; 13mmol, made by (i)) was dissolved in 3:1 
MeCN: ether ( 10ml) and added drop wise to a solution of 
Et 3N ( 0. 6g; 6mmol) , DMF ( 10. 7g; 10mmol) and PhCOOH ( 1. 3g; 
10mmol) in MeCN ( 30ml). After 1h reflux, ether ( 50ml) was 
added to the solution, and solids removed by filtration. The 
filtrate was evaporated down under reduced pressure and the 
residue redissolved in CHC1 3 ( 3. 5ml) and washed with 
water ( 3 x 20ml). Sol vent was removed from the organic 
portion to give a mixture of PhCONMe 2 (58%), 
MeOP(O)(NMe2)2 (9%) and PhCOOH (33%), as determined 
by g .c. analysis. 
Trapping of monomeric methylmetaphosphate, MeOPo 2 151_ 
§a ( 20ml) and PhNHMe C 22ml) were dissolved in CD 3CN 
C 0. 4ml) , the solution sealed in an nmr tube , and the tube 
incubated at 5ooc. After 60h, the mixture was removed 
from the tube, and solvent and excess amine removed by 
evaporation. The residue was identified by 1H nmr as a 
mixture o£ PhCONMe 2 and the N -methylanilini urn salt o£ 
methyl N-methyl-N-phenylphosphoramidic acid. lH nmr (CDC1 3 ): 
"2.90 (3H, s, NMe+); 3.20 (3H, d, JHp9Hz, NMe); 
3.70 (3H, d, JHp11Hz, OMe); 6.7 (2H, bs, NH 2+); 
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13 2 J 
I 4 2 l 
1'5 2 j 
16 2 3 
17 2 3 
18 2 3 
I q 2 3 
;-') 2 3 
21 2 J 
23 2 J 
0 3 3 
I 3 3 
2 3 3 
4 3 3 
5 3 3 
6 3 3 
7 3 3 
B 3 3 
9 3 l 
10 3 3 
I' 3 3 
12 3 3 
13 3 3 
14 3 3 
IS 3 J 
16 ~ 3 
" .} 3 
18 3 J 
19 3 3 
20 3 3 
21 3 3 
22 3 l 
23 l 3 
I 4 3 
2 4 3 
3 • 3 
4 4 3 
5 4 3 
6 4 3 
,. 4 3 
8 • 3 
9 4 l 
10 4 3 
11 4 3 
12 4 3 

















































H ~ L rq fC 
14 4 3 
IS 4 J 
t6 4 J 
17 4 3 
18 4 3 
20 4 3 
21 4 3 
0 5 3 
5 3 
2 s 3 
5 5 J 
6 s 3 
7 5 3 
8 '5 3 
9 s 1 
10 5 3 
11 s J 
12 s 3 
I 3 5 3 
14 5 3 
15 5 3 
17 5 J 
18 5 l 
I 6 3 
2 6 3 
3 6 3 
4 6 3 
s 6 3 
6 6 3 
7 6 3 
8 6 3 
9 6 3 
10 6 J 
12 6 3 
13 6 3 
IS 6 3 
16 6 3 
I 7 3 
2 7 3 
3 7 3 
4 7 3 
s 7 3 
6 7 3 
7 7 3 
8 7 J 
9 7 3 
I 0 7 3 































































































H ~ L fO . f~ 
12 7 J 
2 8 3 
l !I .l 
4 IJ :J 
5 9 3 
6 9 3 
8 8 3 
0 •) 4 
2 ~ • 
4 0:• 
6 0 
8 0 4 
10 I) 4 
I 2 ~ ' 
I 4 •) 4 
16 I) 4 
18 0 
20 0 4 
22 fJ A 
I I 4 






















0 2 • 



















































































6 2 " 
} 2 4 
q ? 4 
'i .. ·I 
I (1 ,. 4 
! 1 2 4 
,., :1 " 
!I 2 4 
. " ·; ·1 
IS 2 4 
:a 2 4 
I:' 2 4 
H 2 4 
.'0 4 
21 2 4 
1 3 4 
2 3 4 
3 3 4 
4 .! 4 
~. :J 4 
6 3 4 
7 3 4 
1-l J 4 
'1 .J 4 
10 3 4 
11 3 4 
12 3 4 
13 3 • 
14 3 4 
1S 3 4 
16 3 4 
17 3 4 
13 1 4 
1Q 1 4 
20 J 4 
21 3 4 
0 4 4 
4 4 
:• 4 .. 
3 4 • 
4 4 .. 
5 4 4 
6 4 4 
i 4 4 
8 4 4 
9 • 4 
10 4 4 







































































H K l 
12 4 4 
I 4 4 4 
15 4 4 
Ill 4 4. 
17 4 4 
18 4 4 
20 4 4 
I 5 4 
2 5 4 
3 5 4 
4 5 .. 
5 5 4 
6 5 <I 
., '3 4 
8 5 4 
9 5 4 
Itt ~ <1 
II 5 4 
13 5 4 
14 5 4 
IS 5 4 
16 5 4 
~~ ~ .. 
I~ 5 
'J 6 4 
0 4 
~ 6 .. 
s ,') " 







... 7 4 
.. l 
i< ; " 
y 7 4 
l(t 7 4 
I 1 7 4 






























































H K L 
4 " 5 
6 0 5 
8 0 '3 
Hi il 5 
12 0 5 
14' 0 5 
16 0 5 
18 0 5 






































18 2 5 
19 ., 5 
II ~ 5 































































































H K L 
3 3 5 
4 3 5 
5 3 5 
Cl 3 5 
7 3 s 
8 3 s 
9 3 5 
10 3 5 
11 J 5 
12 3 5 
I 3 3 5 
I 4 3 5 
I 5 J 5 
16 3 5 
17 3 5 
18 3 5 
4 5 
2 4 5 
J 4 ~ 
4 4 5 
s 4 5 
~ 4 5 
7 4 ~ 
ll 4 ':. 
9 4 5 
IIi 4 5 
ll 4 5 
,_. 4 5 
13 4 5 
l4 4 5 
IS 4 5 
I~ 4 5 
v ~ 'J 
5 5 
-. 5 ~ 
3 5 5 
4 5 5 
5 ~ ~ 
0 ~ 5 
/ s 5 
8 5 5 
q s 5 
lil ~ 5 
II 5 5 
l-4 5 5 
15 5 s 
I 6 5 






























































































H I< L 
3 6 5 
4 6 s 
5 6 5 
6 6 5 
7 6 5 
8 6 5 
9 0 5 
10 6 5 
11 r, 5 
0 7 5 
1 7 5 
2 7 5 
4 7 5 
5 7 5 
6 7 5 
0 (I 6 
2 Q 6 
4 I) Cl 
6 v .; 
8 0 0 
10 i) 6 
12 \) 0 
14 0 6 
Ill o t. 


















0 2 t. 
2 6 
2 2 6 
3 2 6 
4 2 6 



















































































H K L 
6 2 6 
'J 2 6 
3 2 I) 
9 2 0 
10 2 0 
II . 2 6 
11 2 6 
13 2 It 
14 2 0 
15 2 & 
16 2 & 
17 2 0 
I 3· 6 
2 3 0 
l 3 6 
4 J 0 
~ J 6 
0 J 6 
l J 0 
a 3 o 
10 J 0 
11 J 0 
12 J 6 
IJ J .) 
H l 6 
15 J 6 
16 3 6 
I) 4 " 
"'' 6 2 4 6 
3 4 0 
4 4 6 
5 4 .) 
6 4 0 
7 4 0 
8 4 0 
9 4 0 
10 4 .) 
11 4 6 
12 4 6 
13 4 6 
14 4 0 
2 5 ~ 
3 5. & 
4 s 6 
5 5 6 
6 5 6 


























































































!I K L FO FC H I( L FO FC H K L FD FC H K l FO FC H K l FO FC 
8 5 6 5 0 7 3 J 6 2 7 4 4 II 3 'J 6 6 a 0 a :J 2 
9 ") 6 9 9 1 7 7 7 7 2 7 8 ' 4 7 & 6 1 II 4 4 11 5 6 5 s 3 7 5 4 8 2 7 3 3 ., 4 7 I (I 10 4 8 :' ., ~ I 
0 .s 6 6 6 A 7 8 9 9 2 7 5 5 3 4 7 J J 5 9 6 6 
I 6 6 7 .s 5 7 9 9 tO 2 7 3 2 4 4 
., 6 6 ;' t 8 "' .,. I ,, ·' 
2 6 6 4 4 6 7 4 J 12 2 7 3 3 5 4 7 5 5 8 I 9 4 4 
3 6 6 5 5 8 7 4 13 2 7 10 10 8 .. ' q ' I 2 !I ' .. 6 6 .. 3 '~ .., 9 fl) 14 ., 7 3 J 0 4 7 3 3 2 ~ ~ z ~ ·-
5 6 .) 8 7 II 7 4 4 0 3 
., h) 11 0 5 ! 9 8 4 :! a 3 3 
2 0 7 10 10 12 ., 3 J 1 3 7 7 7 t 5 7 o::" 4 5 2 13 6 ,:, .. 
4 0 ,. 9 10 13 7 'I 3 2 3 ., .. 5 ., 5 ., ~ 4 3 ,; :~ ~~ ~ . .. ' ' 
6 (I 7 5 5 14 I 
., 6 6 3 3 ? '} 4 '5 ~ . ., ;; ~ ., ~~ 4 
~ I) '~ 
,, 2 7 3 1 A 3 .., 4 I) (! 9 H I :l !l ~ 
10 0 
., 4 s 2 2 7 4 5 3 7 II 11 2 0 8 :' 
..., J 9 ~~ ' , 
1: 0 ~ 9 9 3 2 7 6 7 6 3 ~ 6 6 4 (i 8 10 11 :l 
] '~ :l l (j 
14 0 ., 7 7 5 ., 7 4 4 .. 
Analysis o"f Variance 
GGG U(,G GUG UU& fj(jiJ tJtiU tiUU. UW AlL 
173 135 135 139 126 115 103,' 
y SCI 40 45 42 51 41 45 
u.~o - .19- .24- .27- .Jo- .J3- .35- .37- .39- .41 - .43 
II 112 tua 91 109 12fl 101 99 106 Ill 72 
v 81 39 41 40 35 34 34 lJ J2 
,·Q,.l<Fif,;,~' v.uu - .15 - I' - .20 - .21 - .24 - .2-i • .30 - .34 - .40 - 1.00 
II I'JO 148 59 132 
l9 42 47 
0 2 l 
31 54 o5 51 u 
o9 sJ n 52 
USU) 0 1 2 3 4 
II 94 178 160 149 140 
51 46 42 38 
A8SCLI 2 3 ... 
152 167 163 149 136 







































10 11 12 13 REST 
56 45 49 39 304 
41 41 4ci 31 Jo 
10 11 12 13 RESr 
0 0 0 0 I) 
0 0 0 0 
10 11 12 13 REST 
0 0 0 0 0 
0 0 0 0 
(161) 
Appendix 2: Additional constants used in Molecular Mechanics 
calculations (Chapter "'!; re:f 121) 
============================================================= 








Bonding constants (kcalmol-1.) 











Bending constants (kcalmol-1) 
eo (degrees) 1/2ke 
0 p 0 108.2 98.9 
0 p 0 102.6 "'18.1 
0 p N 102.6 "'18.1 
0 p N 108.2 98.9 
c N p 120.5 "'17.6 
c 0 p 120.5 "'17.6 
============================================================ 
Torsion constants (kcalmol-1) 
vl v2 v3 
X 0 p X 0 1.50 1.50 
X N p X 0 1.50 1.50 
X c X p 0 0 1.80 
c c 0 p 0 0.50 0.00 
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